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ABSTRACT 
  
Polysaccharides are widely diverse in structure and can vary in molecular weight, 
sugar composition, monomeric sequence, stereochemistry, glycosidic linkage, branching, 
and functionalization. Due to these attributes, polysaccharides are highly abundant in 
nature and are found in a variety of applications across biology, chemistry, medicine, and 
commercial products. As the structural diversity within carbohydrate polymers is 
challenging to replicate under synthetic means, these materials are commonly isolated 
from natural resources, which introduces unwanted variation between batch samples and 
requires extensive purification to isolate final products. Although enzymatic approaches 
to obtain polysaccharides have been explored, these routes typically require expensive 
starting materials and cannot introduce non-natural functional groups. While chemical 
synthetic routes of polysaccharide structures and polymer-mimics have been reported, it 
is challenging to have synthetic control over molecular weight, stereochemistry, and 
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linkages while maintaining the high density of similar functional groups and rigid 
pyranose backbone.  
 Poly-amido-saccharides (PASs) are enantiopure carbohydrate polymers in which 
sugar units are joined by 1,2-amide linkages. By using an anionic ring-opening 
polymerization of β-lactam monomers, PAS structures are synthesized with control over 
molecular weight, functional groups, batch-to-batch consistency, and at low 
polydispersity. Importantly, PAS samples are water-soluble and contain the rigid 
pyranose backbone as found in natural polysaccharides. As PAS structures are not found 
in nature, the unnatural peptide linkage between monosaccharide units contributes to their 
unique structural features and chemical properties. The Grinstaff group has reported 
PASs to have a robust helical secondary structure; minimal cytotoxicity in different 
mammalian cell lines; ability to be functionalized on the monomer and polymer level; 
varying water-solubility depending on its sugar composition; and, potential to be 
recognized as natural carbohydrates (glucose-derived PAS are recognized by lectin 
concanavalin A similarly to glucose).  
Experimental and computational techniques, including circular dichroism, 2D-
NMR spectroscopy, and molecular dynamics simulations, were used to explore structure-
function relationships between glucose- (glc-) and galactose- (gal-) PAS structures. 
Cytotoxicity and cellular uptake studies were conducted to investigate their 
biocompatibility properties.  Finally, sulfated glc-PASs structures were explored to 
possess anticoagulation activity and binding interactions with antithrombin III to serve as 
heparin-mimics to address current clinical challenges associated with heparin usage. 
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CHAPTER 1. Exploring the diversity within polysaccharide structures and their 
influences on functionality and biological applications 	  
1.1 Introduction 
Polysaccharides are the most abundant biopolymers on earth and have ubiquitous 
roles in (1) fundamental life processes, such as energy storage, signaling, and 
recognition1-3; (2) developing structural materials, as found in insect and crustacean 
shells4; and, (3) therapeutics, such as targeted drug delivery carriers and in wound-
healing.5-9 Since natural polysaccharides are typically extracted from natural resources, 
this introduces unwanted variation between batch-to-batch samples and require extensive 
purification procedures.10 Thus, developing pharmaceutical-based polysaccharide 
biomaterials that mimic the biochemical and structural properties of natural 
polysaccharides using straightforward synthetic approaches are highly desired.  
Studying synthetic polysaccharides or polysaccharide mimetics offers many 
benefits over their naturally occurring counterparts, since this allows for stricter control 
over molecular weight and distribution, as well as the ability to manipulate structure on 
the monomer and polymer level. However, only moderate progress has been made in the 
carbohydrate chemistry field as chemists still have a limited understanding on how to 
acquire sophisticated levels of synthetic control to access and mimic the wide diversity of 
polysaccharide structures found in nature. This is primarily due to the synthetic obstacles 
of generating carbohydrate structures with control over molecular weight, 
stereochemistry at the glycosidic ether linkages, functionalization, and polydispersity.1, 11-
13 Low molecular weight oligosaccharides are assessable using solid- or solution-phase 
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techniques but this approach does not affect high molecular weight polysaccharides.1, 14 
1,6-linked polysaccharides are synthesized using cationic ring-opening polymerization 
with high degrees of polymerization.15-16 However this technique is limited to only 1,6- 
linkages and is not favored in commercial settings due to harsh chemicals and strict 
reaction conditions. Enzymatic methods for the controlled synthesis of natural, ether-
linked polysaccharides are also pursued today.17-18 Yet, these routes typically require 
expensive activated monomers and cannot integrate non-natural features, such as the 
functionalization of hydroxyl groups or conjugation of small molecules onto the terminal 
end of polymers. As an alternative strategy, glycopolymers are synthesized which 
replicate the carbohydrate multivalency commonly found in nature.19 However 
glycopoymers typically lack the rigid, stereochemically-defined pyranose backbone, 
which is a critical feature of natural carbohydrates. 
Because of these shortcomings, the relationship between carbohydrate structure 
and function is uncertain. Yet, it is clear polysaccharide structure influences their 
properties, functionality and bioactivity20; this fundamental understanding is necessary 
for new advances in medicine and developments in chemistry, biology, engineering, and 
biomedical research.21-22 Thus, this chapter highlights those investigations dedicated to 
understand how (1) minor changes in polysaccharide structure impact their physical and 
chemical properties; (2) high-resolution experimental techniques offer insights into 
structure-function relationships in carbohydrates; and, (3) polysaccharides are used in a 
wide variety of biomedical applications and therapeutics. 
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1.2 Structure-function relationships in polysaccharides 
Minor structural differences within carbohydrate oligomers and polysaccharides 
directly affect their physical and chemical properties, as well as intended applications. 
The following focuses on structural modifications within the linkage, sugar composition 
or repeat unit, and linear or branched confirmations influence on polysaccharide 
functionality. Since many examples of polysaccharides with glycosidic ether linkages are 
mentioned throughout this review, a primary focus will be placed on exploring 
polysaccharides with amide- or peptide-linkages between sugar units instead.   
1.2.1 Amide Linkages 
Although the majority of carbohydrate polymers consist of monomer units joined 
by glycosidic ester linkages, a number of amide-linked polysaccharides have been 
reported.  The Kessler group was the first to explore sugar amino acid (SAA) structures 
that combines glyco- and peptido-mimetics by using carbohydrate units as peptide 
building blocks.23-25 SAAs are naturally found as oligosaccharides subunits in antibiotics 
and bacteria cell walls, such as neuraminic and muraminic acid. Within SAAs, these 
structure were noted to have distinctive conformational constrains within the peptide 
backbone due to the rigid bulky pyranose rings throughout the polymer chain. In 1994 the 
Kessler group introduced a glucosyluronic acid methylamine-derived (GUM) 
peptidomimetic, H-Gum-OH, which was synthesized from glucose in four steps (Figure 
1.1).24 These structures functioned similarly to dipeptide isosteres and encouraged β-turns 
within linear peptides. Conformational restrictions in their secondary structure could be 
adjusted by modifying the peptide side chains.  
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The same group expanded upon this original investigation by synthesizing a 
library of SAA structures (SAA1α, SAA1β, SAA2, SAA3, and SAA4) by building off H-
Gum-OH peptidomimetics (Figure 1.2) and incorporating different linear and cyclic 
peptides into these scaffolds. Using a combination of 2D NMR spectroscopy, distance 
geometry calculations, and molecular dynamics simulations, each structure was 
investigated to understand whether these minor structural modifications influenced their 
linear backbone conformations and whether they introduced new distinct turns. 23 The 
authors found these minor structural changes in SAA influenced the peptide structure by 
introducing β- or γ-turns within their backbone conformations. 
The Gervay group in 1997 investigated (1à5) amide-linked sailooligomer 
structures, with DP ranging from 2-10, which were prepared via solid-phase peptide 
synthesis on Rink resins and Fmoc protecting groups (Figure 1.3).26 All samples were 
soluble in water, DMSO, and methanol. The structures were characterized via circular 
dichroism (CD), which indicated that these oligomers to possess a helical secondary 
structure that becomes more defined at greater lengths. NMR NH/ND exchange 
experiments which were conducted to investigate amide exchange kinetics throughout the 
oligomer structures, revealed that the amino terminus for all oligomers exchanged at 
comparable rates of 0.5 to 1.0 hour. However different exchange rates were noted within 
the peptide backbone, suggesting the presence of internal hydrogen bonds. 
The Grinstaff group developed a high-yielding approach to synthesize 
enantiopure carbohydrate-based polymers, termed poly-amido-saccharides (PASs), based 
on an anionic ring-opening polymerization (AROP) of β–lactam sugar monomers, which 
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allowed for strict compositional control over monomer composition and polymerization 
(Scheme 1.1).27-32 This approach contrasted to traditional synthetic routes since amide-
linked polysaccharide compositions are typically prepared via a stepwise approach from 
sugar amino acids where only short oligomers (DP < 10) are attainable. PASs are 
synthesized with batch-to-batch consistency, defined molecular weights ranging from 2 
to 40 kDa (DP 10 - 400), functionalization with side groups at the monomer and polymer 
level, and low polydispersity while retaining the chiral, cyclic main-chain structure and 
pyranose backbone in natural carbohydrate polymers. Additionally, PASs can be 
prepared with either glucose27 (glu-) or galactose28 (gal-) units, as well as randomly 
copolymerized to contain both types of sugar units.  
In contrast to natural polysaccharides, monomeric units in PASs are joined by 
unnatural α-N-1,2-D-amide linkages (Figure 1.4), which afford PASs with notable 
structural characteristics and interesting behaviors. For example, both glc- and gal-PAS 
samples at all chain lengths exhibit strong circular dichroism (CD) signals with a dip at 
191 nm and a peak at 219 nm, which are indicative features of a helical conformation.27, 
30-31 PASs could maintain this secondary structure when exposed a variety of conditions 
including pH, temperatures, ionic salts concentrations, and with chemical denaturants. 
These unexpected findings emphasized how the orientation of the 1,2-amide linkages 
heavily influenced the PAS’s structural rigidity and defined secondary structure. 
1.2.2 Sugar Unit Compositions 
Within carbohydrate polymers, the monosaccharide repeat unit is typically 
composed of 6- or 5-membered cyclic structures. Although the majority of sugar 
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compounds have very similar chemical compositions, distinctive atomic arrangements 
within the molecule can result in drastically different properties. For example, this is 
noted within glucose and galactose monosaccharide structures, where both possess the 
chemical formula of C6H12O6 and are isomers of each other in which galactose is the C4 
epimer of glucose.  This minor structural adjustment contributes to their different 
applications and affects their cellular recognition properties and other chemical features.  
The Hedrick group in 2010 reported the synthesis and characterization of 
amphiphilic block glycopolymers using D-galactose, D-glucose, and D-mannose for 
targeted drug delivery applications.33 These polymers were synthesized using a metal-free 
organo-catalyzed ROP of cyclic carbonates, which gave control over molecular weights 
and end-group modification. All glycopolymers formed supramolecular, self-assembled 
structures of about 100 nm with narrow size distribution, as characterized with dynamic 
light scattering, and showed minimal cytotoxicity. Galactose-containing micelles were 
recognized by the asialoglycoprotein receptor (ASPGR), which has known binding 
properties to galactose, and were taken up more readily compared to their glucose-based 
counterparts. When repeating these studies in HEK293 cells, similar uptake was noted 
between the glucose- and galactose- micellar structures. This finding was expected since 
HEK293 cells do not possess glycoprotein receptors. The authors suggested that these 
amphiphilic block glycopolymers could be used in developing drug carrier vehicles for 
targeted delivery in liver tissue or cells.  
Oral et al. explored a different application that utilized a cross-linked polymer in 
molecular imprinting to analyze different behaviors of glucose and galactose 
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monosaccharides. A synthetic biomimetic network was formed via the polymerization of 
interacting pairs with monomeric residues and a template molecule.34-35 By understanding 
the effects between different chemical interactions (i.e. noncovalent bond, metal 
coordination, and covalent bonds) on their hydrogel network system, they can use this 
understanding to develop and optimize other synthetic networks to capture and isolate 
analytes of interested in biological media, such as bodily fluids. Here, cross-linked 2-
hydroxyethyl methacrylate (HEMA) and poly(ethylene glycol) (PEG) dimethacrylate 
were imprinted onto templates prepared with proxyphylline and glucose. With their 
system, the group analyzed the selectivity and diffusional properties of their hydrogel 
polymer network when responding to different sugars units introduced at concentrations 
ranging from 0.10-0.54 M. Interestingly, the authors found their glucose-imprinted 
hydrogel polymers to demonstrate higher recognitive capacity, increased uptake, and 
more selective binding towards glucose compared to galactose and 
methylglucopyranoside. With these results, the authors concluded that their hydrogel 
system captured glucose molecules with higher selectivity than galactose, despite having 
similar chemical compositions. 
Morris et al. characterized a variety of alginate compositions and polymeric 
block-structures using CD to understand the secondary structures between poly-L-
guluronate, poly-D-mannuronate, and co-block polymers containing both sugar 
compositions, which all demonstrated different behaviors.36 Alginates are linear 
polysaccharides containing both L-guluronate and D-mannuronate units, which are 
epimers of each other that only differ at the C5 conformation (Figure 1.5). In contrast to 
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intact alginate structures, poly-L-guluronate was shown to have a negative dip within the 
CD spectra whereas a positive peak is noted for poly-D-mannuronate within the 190-215 
nm range. Polymers containing mixed sequences of these two sugar units exhibited to 
have intermediate behaviors which varied depending on the alginate composition.  
Donati et al., conducted similar studies to compare the secondary structures 
between polymannuronate, polyguluronate, and polymers containing alternating 
mannuronate and guluornate units.37 They developed an equation to model their CD 
results to calculate and quantify the amount of mannuronate and guluornate within an 
alginate sample. The CD spectra agreed with observations made by prior lab groups 
where polymannuronate and polyguluronate structures depicted different CD curves. The 
authors reasoned that these different CD behaviors and structures were dependent upon 
(1) the local ring geometry near the carboxyl chromophore, and (2) the effect of 
neighboring adjacent residues.  
1.2.3 Linear vs. Branched 
Polysaccharides can naturally exist in either linear or branched conformations. 
Despite having similar chemical compositions and molecular weights, this structural 
difference results in major differences in their physical and chemical properties. For 
example, dextran exists as either a linear polysaccharide, where glucose units are joined 
by α-1,6-D-glycosidic linkages, or as a branched polysaccharide, with α-1,6- and α-1,3-
D-glycosidic linkages.38-39 Dextran’s degree of branching ranges from 0.5-60%, which is 
dependent on its original isolation natural source. Higher degree of branching within 
dextran is found to limit its water solubility properties.40 
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Pasilka and Cragg reported the synthesis and characterization of linear and 
branched dextran sulfates with similar molecular weights, chemical properties, and 
degree of sulfation.41 When prepared at various concentrations in KCl, significant 
differences were observed in their viscosity behavior. They suggested these differences 
resulted from greater charge densities found within nonlinear dextran sulfate samples 
since these charges are more dispersed throughout the dextran in a branched 
conformation.  
The Rastall group investigated the effects between structure and molecular weight 
in the in vitro fermentation selectivity of low molecular weight linear α-1,6-dextrans and 
branched α-1,2-dextran using the human fecal microbiota gut bacteria.42 Their findings 
revealed that both linear and branched dextran (1 kDa) samples produced significant 
increases in the Bifidobacterium populations. However α-1,2 branched dextran affected 
the dietary fiber content values, which suggested decreased digestibility. With these 
observations, they concluded that α-1,2 glycosidic linkages are much more resistant to 
hydrolysis by digestion enzymes, compared to α-1,6-linkaged, which indicated their 
potential application to serve as prebiotic supplements for mammals.  
Amylose and amylopectin starches, the primary storage carbohydrates source for 
plants, contain glycopyranose repeat units that are joined by α-1,4-D-glycosidic linkages 
(Figure 1.6). Amylopectin is the branched form of amylose, which possesses α-1,6-D- 
glycosidic linkages in addition to α-1,4-D-linkages. In their studies, the Kasemsuwan 
group investigated how varying concentrations of amylose and amylopectin, in addition 
to amylopectin branch chain length distribution, affect the pasting and thickness of 
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starches within plants from a variety of botanical sources.43 Starches with short average 
amylopectin branch chain length but large proportions of short branch chains were found 
to display low gelation temperatures.  
Another group, Noda et al., reported similar findings where the branching 
distribution and chain length within amylopectin played a primary role in the starch 
gelation properties.44 Starch containing abundant amounts of short unit-chains of 
amylopectin possessed lower onset (T0), peak (Tp), and heat (ΔH) values. It was 
hypothesized that the free end of the short chains in amylopectin formed single clustering 
of double helices. In return, this formation leads to crystalline molecular order in starches 
upon melting. Thus samples with higher crystallinity and greater molecular order result in 
higher gelatinization temperatures due to stronger intermolecular forces.45-46 
 
1.3 Techniques to explore polysaccharide structure 
Understanding the structures of polysaccharides offers valuable insights into their 
chemical properties, functions, and intended applications. However despite the 
abundance of valuable information that can be revealed from investigating 
macromolecular structures, only a limited number of different experimental techniques 
currently exist with the ability to gather high-resolution structural data. This section 
reviews three different techniques, X-ray diffraction, X-ray scattering, and computational 
methods, that are commonly used to probe polysaccharide structure at the 
macromolecular and atomic level.  
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1.3.1 X-ray diffraction and crystallography  
X-ray diffraction analyses allow researchers to gather quantitative measurements 
on the molecular complexities and chemical composition of molecules and atoms that 
cannot be done with other analytical and spectroscopy instruments. However, this 
technique is limited to only highly crystalline samples, and thus a large variety of 
polymers and carbohydrate structures are not studied. Samples for these studies must 
form highly ordered crystals able to diffract X-rays beams of electrons in order to obtain 
high-resolution data.  
An early account by Bear and Cori reported their X-ray diffraction studies on 
polysaccharides synthesized from muscle, heart, and liver phosphorylases, which resulted 
in different X-ray diffraction patterns.47 Polysaccharides synthesized from muscle 
phosphorylase on glucose-1-phosphate were noted to resemble similar X-ray diffraction 
patterns, such as relative positions and intensities of the rings, to polysaccharides isolated 
from plant starches under both dehydrating and hydrating environments (Figure 1.7). In 
contrast, polysaccharides produced by the heart and liver phosphorylases were found to 
have X-ray patterns that reflect more similarly to natural glycogen. 
The Bommarius group utilized X-ray data to develop a method able to quantify 
the degree of crystallinity within cellulose samples, as well as to model and predict their 
enzymatic hydrolysis rates.48 X-ray diffraction spectra of cellulous samples containing 
different degrees of crystallinity were studied to understand how varying the amounts of 
amorphous and crystalline cellulose influenced the diffraction pattern and crystallinity 
index values. With this set of data, multivariate statistical analysis, predicted the degree 
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of crystallinity within samples containing unknown ratios of microcrystalline and 
amorphous cellulose by calculating their crystallinity index values. To test their model, 
crystalline cellulose samples underwent enzymatic hydrolysis, which changes their 
crystallinity properties over the course of the hydrolysis, resulting in higher amounts of 
amorphous cellulous present in the sample. Resulted obtained from X-ray diffraction 
analysis on these samples were found to be consistent and in agreement with those 
calculated from their models.   
Imberty et al. reported the growth of low molecular weight amylose crystals that 
were prepared by recrystallizing diluted aqueous amylose solutions with acetone or 
ethanol as precipitating agents.49-50 Although they attempted to grow crystals from A- and 
B-type starches (A-type (short helix) and B-type (long helix)), only A-type of starches 
gave crystals under these conditions. The samples crystallized in a rosette-like 
configuration where each platelet had the dimensions of 10 x 1 x 0.3 µm (Figure 1.8). X-
ray diffraction data revealed a monoclinic symmetry relating two double helices per one 
unit cell.49 These results also indicated the presence of four water molecules per cell unit, 
the formation of double helical structures, and α-(1à4) linkages between sugar units, all 
which were consistent to previously reported studies.  
Heux et al. reported the crystal growth of mannan II, a linear polysaccharides that 
exists in the cell walls of plants, algae, and softwood.49 They crystalized both high- and 
low-molecular weight mannan II allomorphs isolated from ivory nut and the cell walls of 
A. crenulata bacteria.51 Crystals of mannan II isolated from the ivory nut resulted in thin 
need-like elements of 7 nm in width (Figure 1.9). Via X-ray power diffraction analysis, 
	   	  
	  
13	  
the diffraction reflection data gave d-spaces of 0.415 nm that was oriented along the 
length of the axis. Crystals of mannan II from A. crenulata that were grown under the 
same conditions also resulted in long, needle-like conformations but showed slightly 
more ribbon-like characteristics compared to the ivory nut mannan crystals. X-ray 
diffraction analysis indicated these crystals resulted in strong reflections at 0.852, 0.451, 
and 0.399 nm, which was consistent to previous literature reports. When comparing 
diffraction data between these two mannan II crystal structures, the authors noted the 
width of the ribbon-shape was three times broader in mannan II crystal from A. crenulata 
compared to that isolated from the ivory nut. They hypothesized that the morphology 
differences contributed by their contrasting molecular weights, influencing the packing 
properties between the polysaccharide chains. 
1.3.2 X-ray scattering: WAXS and SAXS  
 X-ray scattering is another technique commonly used to analyze the structure, 
chemical composition, and physical properties of a sample. Unlike X-ray diffraction, 
where samples are required to be packed in a highly crystalline formation, X-ray 
scattering can tolerate small inhomogeneities in samples, which is advantageous for 
studying samples that are challenging to crystallize. In contrast to X-ray diffraction where 
patterned X-ray beams are aimed at the sample at specified calculated angles, X-rays of 
electrons are scattered when in contact with an analyte instead which results in a 
scattering pattern on the sample’s composition or structure. 
The Donald group developed models using X-scattering data to predict particular 
properties in different types of A- and B-type of starches. 52 In their study, SAXS patterns  
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obtained from dry and hydrated potato starch (B-type), showed a characteristic of a 9 nm 
repeat. This similar observation was also found for A-type of starches such as wheat, 
barley, and maize. However for B-type of starches dried, small flexible spacers were 
found where rigid sugar units were strongly coupled to the polymer backbone, which 
suggested the side chains exhibited disordered nematic packing. In contrast, hydrated 
starch samples showed this coupling to be reduced as noted by the presence of two 
additional peaks in the SAXS spectra (Figure 1.10). Thus, under hydrated conditions, 
this allowed for improved packing configurations between the double helices.   
The authors proceeded to compare these results to A-type of starches using 
WAXS, which possessed longer flexible spacers with reduced restructuring when 
hydrated. Here, the coupling between rigid sugar units were weaker compared to those 
found within B-type of starches. Thus through this study, the authors demonstrated the 
ability to study structure-function relationships of A- and B-types of starches using X-ray 
scattering by identifying differences in their double helical packing, helix width, and 
distance between spacers under varying hydration conditions. 
The Lai group utilized both SAXS and WAXS in combination with solution 
viscometry to investigate changes in the structure and chemical properties of native 
tapioca starch granules when exposed to varying temperature conditions.53 Through these 
studies, the authors noted a correlation between the changes in the semicrystalline 
structure of amylose and amylopectin chains on solution viscosity.  Prior to melting, 
WAXS depicted mixed nanocrystals of A- and B-type starches in water while SAXS 
results suggested that the semicrystalline layers to be in a lamellar block formation with 
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spacing of about 8.6 nm and amphorphous characteristics (Figure 1.11). When heating 
samples in water to 333-347 K to melt the nanocrystals, X-ray scattering results depicted 
a transition from the semicrystalline lamellae structures to disperse and molten 
amylopectin nanoclusters with partially untangled amylose chains. This change also 
resulted in increased solution viscosity. These findings suggested that upon heating the 
amylose chains become entrapped by co-crystalizing with 40-50 nm sized amylopectin 
blocklets, which increased the viscosity of the solution. 
The Stopar group used SAXS data of pullulan oligomers and gellan gum to 
develop molecular models that simulate polysaccharide single helices with different pitch 
values, number of monomer units per pitch, cross-sectional radius, and different random 
coils.54 With this model, the group extracted structural parameters from SAXS curves, 
such as torsion and bond angles and degree of randomness within a given structure 
(Figure 1.12). Precise information on the microscopic states using energy constraints 
cannot be acquired using with this approach in which the authors suggested to use the 
Rotational Isomeric State model as an alternative method instead. However the authors 
also emphasized that their model can be used as a valuable tool to understand the 
distribution of polymer and polysaccharide structures in solution without the need to 
input pre-assumed secondary structure elements to fit experimental data. 
1.3.3 Computational modeling with experimental techniques 
Given the challenges of growing single crystals of natural and synthetic 
polysaccharides, computational molecular modeling using molecular dynamics (MD) 
simulations and all-atom (AA) models is an effective approach to relate structure and 
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dynamics of complex macromolecules to their physical properties.55 Molecular 
mechanical force fields are available to model the energetics of carbohydrate systems 
while taking into consideration the structural diversity found within polysaccharides.56-61   
Matthews and coworkers used three carbohydrate force fields, CHARMM35, 
GLYCAM06, and Gromos 45a4, to model and study conformation changes in hydrated 
36-chain cellulose Iβ microfibrils.62 Here, they found minor differences and 
inconsistences between their simulated microfibrils structures compared to cellulose Iβ 
crystal structures of varying degrees under tested conditions. Their simulation results 
from two force fields, CHARMM35 and GLYCAM06, were consistent with 
experimentally observed behaviors of cellulose microfibrils when exposed to high 
temperatures. However, when using the GLYCAM06 force field the authors noted that 
the initial hydrogen-bond conformations and selected electrostatic scaling factors had 
significant influences on the rate of structural divergence. From these studies, the authors 
highlighted the importance of designing computational studies to reflect experimental 
observations in order to gather a thorough understanding of the structure and behaviors of 
biomacromolecules and polysaccharides.  
Kuttel et al. developed a CHARMM Carbohydrate Solution Force Field (CSFF) to 
analyze nanosecond molecular dynamics computer simulations, which they used to 
accurately reproduced conformational distributions of carbohydrate structures in 
solution.63 With their system, the authors investigated the dihedral angle parameters for 
the primary and secondary hydroxyl groups, as well as free the energy profiles of the 
hydroxylmethyl group for β-D-glucose and β-D-galactose. Their rotamer populations 
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obtained from their force field were in agreement to experimental NMR data, thus 
supporting the validity of their computation model. Experimental frequencies that were 
measured within β-D-glucose structures were also in good agreement to their calculated 
gas phase frequencies. With these results, the authors concluded that their force field can 
be advantageous to model flexible biomacromolecules and (1à6)-linked carbohydrates 
in solution with precision.  
More recently, Guvench et al. developed force field parameters for monosaccharide 
derivatives as an extension of the CHARMM all-atom additive biomolecular force field.64 
Here, they explored the monosaccharides N-acetylglucosamine, N-acetylgalactosamine, 
glucuronic acid, iduronic acid, and N-acetylneuraminic acid, in addition to their adjacent 
connections to proteins via C-terminal linkages to serine or threonine and N-terminal 
linkages to asparagine side chains. Their parameters were validated against X-ray 
crystallographic data of corresponding monosaccharides, as well as against NMR data for 
larger systems. The authors intentionally designed their force field to be compatible with 
currently existing CHARMM additive force fields towards proteins, nucleic acids, lipids, 
carbohydrates, and small molecules. In that manner, the reported parameters and results 
can be adaptable to computationally simulate a diverse library of different type of 
biomacromolecules, including complex carbohydrates, non-natural polysaccharide 
structures, and glycoproteins, which is an advantage to their system. Thus their work is 
an example of the recent advances that have been made to improve the quality and scope 
of carbohydrate force fields, which represent significant progress in the ability to use MD 
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simulations to probe the structural and thermodynamic properties of carbohydrate 
systems in addition to other types of complex macromolecular systems.  
The Brant group analyzed the dynamics of naturally occurring carbohydrates, 
particular for homopolymeric (1à3) and (1à4)-linked α- and β-D-glucans, as well as 
(1à4)-linked α- and β-D-galactans, using a combination of theoretical and experimental 
techniques.65 Specifically, they studied changes in the macromolecular stiffness and 
extension within different polysaccharide chains by using theoretical calculations to 
calculate the polymer connectivity and corresponding conformation energy surfaces. The 
force field was adapted from the Rouse Zimm local dynamics theory and was modified to 
investigate random coil polysaccharides in solution. The author’s computational results 
on the molecular structure and chain topologies were in good agreement with correlation 
times from experimental studies such as NMR, fluorescence, radiation scattering, and 
rheological relaxing experiments. Their model can also be adapted to investigate 
relationships between position and chain length dependence on correlation time, the 
primary structure of the polysaccharide chains, and also equilibrium chain stiffness 
parameters within different polysaccharide samples. 
 
 
1.4 Polysaccharides and glycopolymers in therapeutics and drug discovery 
Using polysaccharides and synthetic glycopolymers as platforms for developing 
therapeutics and drug delivery carriers have been receiving high levels of attention in 
chemistry and biomedical research.  These compounds are advantageous in these 
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applications due to their water-solubility, biodegradability, non-cytotoxicity, cell 
recognition and binding properties, and cell-signaling characteristics.28, 66-67 Here, a 
variety of different therapeutics will be reviewed that utilizes polysaccharides and 
glycopolymer structures to develop drug delivery carriers, cell/tissue engineering 
scaffolds for transplants, and anticoagulant reagents.  
1.4.1 Targeted drug delivery carriers and vehicles    
 Polysaccharides are particularity attractive in targeted drug delivery applications 
since they play important roles in cell recognition, signaling, and communication. As 
these activities are highly dependent on the polysaccharide structure, molecular weight, 
and sugar composition, these minor structural differences can elicit particular responses 
to specific cellular targets with high specificity.  
 For example, the Stenzel group utilized polysaccharides to develop glycopolymer-
based nanocarriers as a strategy to improve the therapeutic potency and delivery of 
platinum-based anticancer drugs towards targeted cancer cells.67 In their study, they 
synthesized a library of methacrylate-based glyco-block copolymers using glucose, 
galactose, or fructose that assembled into nanoparticles. These polymer structures were 
characterized via GPC, NMR, and DLS prior to investigating whether they can be taken 
into breast cancer cell lines, MCF-7 and MBD-MB-231, as well as an ovarian cancer cell 
line A2780 (Scheme 1.3). The authors reported that all structure was readily taken up 
intracellulary, as confirmed via confocal microscopy, with minimal toxicity prior to drug 
loading. However, all cell lines demonstrated higher preferences for fructose-coated 
nanoparticles compared to the other two analogues. They reasoned this observation was 
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due to an overexpression of the glucose transporters number 5, GLUT 5, which is known 
to have a high affinity for fructose and is typically expressed in human breast cancer 
tissue but not in healthy human breast tissue. The authors also noted higher uptake and 
toxicities with drug-loaded fructose-coated micelles and suggested that theses particular 
fructose-conjugated glycopolymers serve as effective drug delivery vehicles to target 
human breast cancer cells. 
 The Narin group utilized galactocylated polymers to deliver nontoxic gene vectors 
to the liver through the asialoglycoprotein receptor (ASGPR), a receptor highly expressed 
on the cell surface of mammalian hepatocytes with high binding affinities to galactose or 
N-acetylgalactosamine.28, 68 A library of different galactose-based glycopolymer 
structures that varied in structural architectures, compositions, and molecular weights 
were synthesized using the reversible addition-fragmentation chain transfer (RAFT) 
process (Figure 1.13). The galactose moiety allowed these polymer structures to undergo 
ASGPR-mediated endocytosis in HepG2 and Huh7.5 cells. Although all polymers 
investigated in the study were biocompatible and stable in solution, these minor structural 
changes and compositions impacted their delivery mechanism and gene expression in 
hepatocytes. For example, the authors’ findings indicated that block copolymers formed 
more stable complexes with the gene vector plasma and had higher gene delivery 
efficiency, which suggests for further investigation into in vivo applications.  In 
conclusion, these glycopolymers were noted to be are highly attractive for developing 
targeted gene delivery carriers to liver cells due to their stability, non-toxicity, and 
delivery efficacy.  
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 The Seeberger group demonstrated that carbohydrate polymers are also useful for 
cell signaling and binding studies in bacterial pathogens as well. This group used 
carbohydrate microarrays to understand carbohydrate binding specifies in bacteria to 
understand carbohydrate-cell interactions and bacterial detection to develop anti-adhesion 
therapeutics.69 To prepare their carbohydrate arrays, glucose, mannose, galactose, fucose, 
and N-acetylglucoamine were modified with an ethanolamine linker and spotted onto 
glass slides that were previously coated with an amine-reactive homobifunctional 
disuccinimidyl carbonate linker. Slides were hybridized with fluorescently stained E. coli 
(ORN178) cells, washed, and imaged under a fluorescent array scanner. The authors 
found high specificity of ORN178 cells to mannose saccharides compared to the other 
monosaccharaides, which was consistent to previously reported findings. 
 Next, the authors screened potential inhibitors to identify compounds able to 
minimize carbohydrate-cell interactions between ORN178 and mannose. The compounds 
investigated for these studies included mannose, p-nitrophenyl-alpha-D-
mannospyranoside, and a mannose-functionalized polymer. Their findings showed that 
their mannose-functionalized polymer could exhibit enhanced ligand-polymer 
interactions with higher binding affinity to bacterial cells than mannose monosaccharides. 
The authors reasoned that since the polymer displays mannose in a multivalent manner, 
this increases the binding affinity to bacterial cells as more binding sites were available 
throughout the polymer chain. This was also consistent to other literature findings where 
other similar multivalent polymeric scaffolds also demonstrated enhanced binding 
affinities to bacterial and mammalian cells compared to monovalent ligands. 
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1.4.2 Cell/Tissue scaffolds  
 Carbohydrate polymers and glycopolymers are also widely investigated as 
supporting materials, tissue scaffolds, and capsule members in cellular and tissue 
engineering for transplantation applications due to their water-solubility and 
biocompatibility properties.70  
 One of the earliest investigations explored sodium alginate for 
microencapsulation of islets, insulin producing cell clusters of the pancreases, for 
implantation in the 1980s by Lim and Sun.71 Here, they developed a procedure to implant 
microencapsulated islets, composed of cross-linked alginate and poly(lysine), into rats 
that had streptozotocin-induced diabetes. These alginate-based microencapsulated islets 
remained functionally and morphologically intact for a period of 15 weeks, suggesting its 
application towards other types of transplantation methods. 
 Since then, improvements and new applications were made to incorporate alginate 
in other types of similar systems, such as for wound healing. For example, the Compton 
group studied the effects of vascularized collagen-glyscsaminoglycan matrices as dermal 
substrates for cultured epithelial autografts in Yorkshire pigs for treating burn patients.72 
Cultured epithelia autografts were placed on the collagen-glyscsaminoglycan matrix or 
on freshly excised wounds. After 7 days via gross and histological observations, the 
autografts showed almost close to confluency in the presence of the matrix. By electron 
microscopy analysis, the authors found the cultured epithelial autographs/collagen-
glycoasminoglycan constructs exhibited fibrils at the dermal-epidermal junction. Thus, 
the authors concluded that vascularized collagen-glycosaminoglycan matrices serve as 
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effective substrates to improve the growth of cultured epithelial autographs for burn 
patients and those with chronic wounds. 
The Agren group demonstrated alginate-based dressings to be more effective in 
blood absorption and healing compared to fibre-free alginate dressings.73 Their findings 
showed that alginate dressings absorb 40% (P < 0.05) more blood than fine mesh gauze 
when measuring the total iron content of used dressings from 17 patients, resulting in 
expedited haemostasis. The authors concluded that calcium alginate possesses high 
absorption capacity and hemostatic effects. 
1.4.3 Sulfated polysaccharides for anticoagulants and heparin-mimics  
Along with synthetic polysaccharides and polysaccharide mimics, sulfated 
polysaccharides are also challenging to synthesize with control over molecular weight, 
functionalization, and degree and position of sulfation while maintaining the rigid 
pyranose backbone. Yet, sulfated polysaccharides possess a wide variety of therapeutic 
benefits, such as antioxidant, antitumor, anticoagulant, and antiviral properties, which 
emphasizes their high clinical significance and relevance for developing new 
therapeutics.74-75 Although work has been dedicated to explore a variety of strategies to 
generate sulfated polysaccharides with desired chemical features and synthetic control, 
only moderate progress has been made.76-77	  
An early account by the Ichikawa group described a method to synthesize sulfated 
β-(1 à6)-linked oligosaccharide mimetics which were found to be a potent inhibitor of 
HIV replication with an IC50 at 1 µM (Figure 1.14).78 The sulfation reaction was carried 
out using SO3NMe3 in anhydrous DMF for 4 days at 50°C where the final product was 
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purified via Sephadex G25 chromatography with water and obtained in moderately yields 
of about 65%. NMR, elemental analysis, and mass spectroscopy were used to 
characterize the resulting compound and to calculate the average number of sulfate 
groups in the polymer structure. Anti-HIV activity was investigated and compared 
between sulfated and non-sulfated polysaccharide samples by monitoring the protection 
of MT2 cells from an HIV infection.79 The authors demonstrated their sulfated β-(1 à6)-
amido linked carbohydrate mimetic to be a very potent inhibitor of HIV replications, 
which initiated further investigations into understanding the relationships between its 
structure, by altering its positional linkage and exploring other similar analogues, and 
anti-HIV activity. 
Another strategy to synthesize sulfated polysaccharides is reported by Richter and 
Klemm who explored reacting trimethylsilyl cellulose with different SO3-complexes such 
as N,N-dimethylformamide, triethylamine, pyridine and ethyldiisopropylamine (Scheme 
1.4).80 All reactions were performed at 2.2 mol equivalent at 25°C for 24 hours, and 
samples were characterized via 1H- and 13C-NMR spectroscopy. The residual silicon 
content of the sulfated cellulose was analyzed via inductively coupled plasma-optical 
emission spectroscopy. Cellulose compounds sulfated with SO3NEt3 showed the lowest 
reactivity while treatment with SO3DMF showed the highest when reacted under the 
same conditions. All sulfated cellulose samples were observed to be water-soluble. As 
analyzed via 13C-NMR spectroscopy, the sulfated substituents are positioned primarily at 
the O6 and the O2 positions of cellulose. The authors found the complex partner (i.e. 
NMe3 vs. NEt3) of the SO3 to directly affect the regioselectivity of the sulfation position 
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which is dependent upon three factors: (1) steric effects can hinder substitution at the O2 
and O3 positions, therefore favoring the O6 as the primary site for sulfation; (2) electron 
transfer effects between the sulfur atom on the SO3 and a nearby nitrogen atom influences 
the polarity of the O-S bonds in SO3; and, (3) electronic effects within the 
anhydroglucose unit are directed by the glycosidic bond which makes the O2 hydroxyl 
group in cellulose the most acidic.  
Heparin is a sulfated, anionic polysaccharide composed of glucosamine and 
uronic acid that is widely known for its anticoagulant properties.81-84 Pharmaceutical-
grade heparin is isolated from porcine or bovine and can exists in different molecular 
weights and carbohydrate subunit sequences, which contributes to its structural 
complexity in a manner where 60-70% of clinical heparin is suspected to be inactive.85-86 
A serious complication that can result from heparin usage is heparin-induced 
thrombocytopenia (HIT), a life threating, immunologically mediated adverse reaction to 
heparin that arises from antibodies developed against the heparin-PF4 complex.82, 87-89 
Due to these clinical risks, there is a need for new strategies or materials that can imitate 
heparin’s therapeutic benefits while reducing these safety and clinical concerns. 
Arlov et al. reported their investigation on synthesizing sulfated alginates, which 
were found to exhibit heparin-like properties.90 Sulfated alginates can serve as efficient 
analogues of heparin/heparin sulfate by offering control over functionality and structural 
customizability through enzymatic epimerization and tuning the degree of sulfation. The 
authors sulfated alginate homo- and hetero-polymers of similar molecular weights 
containing mannuronic acid, guluronic acid, or a combination of both. Polymer samples 
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were characterized using NMR analysis and the quantification of the sulfated group was 
done via elemental analysis. Biological assays indicated sulfated alginate samples to 
function similarly to heparin analogues. The authors also reported their sulfated alginates 
could bind, displace and release cell-bound hepatocyte growth factors (HGFs) in a similar 
manner to heparin on the surface of myeloma cells. This activity can be modulated by 
varying the degree of sulfation, chain flexibility, and the monosaccharide composition. 
Sulfated alginates were also co-incubated with human plasma, which exhibited inhibition 
activity and HGF interactions, particularly in sulfated alginate samples containing both 
mannuronic and guluronic acid subunits. 
The Wu group was interested in understanding how the molecular weight of 
sulfated cellulose derivates affects anticoagulation activity.91 Consequently sulfated 
cellulose samples were prepared by reacting crystalline cellulous in an ionic liquid, 
[C4mim]Cl, which was followed by acid-initiated hydrolysis. Four different molecular 
weight fractions ranging from 59 to below 2.7 kg/mol were collected and separated for 
further investigation. To analyze anticoagulation activity, in vitro biological assays were 
conducted by measuring coagulation times and identifying coagulation factors in human 
plasma. These results were compared to in vivo studies, which were done by measuring 
the coagulation time in rats. The author’s results demonstrated contradicting findings 
where a positive correlation between the sulfated cellulose molecular weight and 
coagulation activity was noted in their in vivo work (higher molecular weight samples 
exhibited more anticoagulation activity), whereas the opposite correlation was noted in 
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their in vitro experiments (lower molecular weight samples exhibited more 
anticoagulation activity).  
Another group, Vikhoreva et al., investigated the anticoagulant activity of low-
molecular weight sulfated chitosan samples, ranging from 10-50 kDa, which were 
prepared with oleum as the sulfating agent in dimethylfornamide.92 Prior to sulfation, 
high molecular weight chitin samples were prepared via enzymatic hydrolysis, acidic 
hydrolysis, and extrusion solid-state deaceylation. Via FT-IR, NMR, and elemental 
analysis, the authors identified the C6 and C3 positions to possess substituted sulfated 
groups where the substitution degree ranged from 1.10-1.63.  Two in vitro biological 
assays demonstrated chitosan sulfates to possess anticoagulation activity where lower 
molecular weight samples exhibited increased anti-Xa activity more comparably to 
heparin activity. 
 
1.5 Conclusion  
A number of different strategies have been discussed to address current challenges in 
the field of carbohydrate chemistry. Specifically these include: (1) understanding the 
structure-function relationships of polysaccharides; (2) utilizing experimental and 
computational approaches to investigate the effects of minor structural differences in 
polysaccharides structures on their resulting properties and functions; and, (3) 
incorporating polysaccharides for the developments of new therapeutics, particularly for 
synthesizing heparin-mimics with anticoagulation activity. These essential findings can 
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offer fundamental knowledge needed to understand the diversity and structural 
complexities within polysaccharide systems.  
Yet, further studies are required to shed more knowledge and new insights in this 
field, which will be essential for collecting robust data for analysis, initiating 
collaboration between interdisciplinary fields, and generating hypotheses and 
explorations for new applications. In return, these advancements will allow us to obtain a 
more comprehensive and thorough understanding of the relationships between polymer 
structures, properties, and functions via the combination of experimental and 
computational approaches. 
Thus, I have dedicated my thesis work to investigate the structures, properties, and 
bioactivity of poly-amido-saccharides.  
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Figure 1.1 A glucosyluronic acid methylamine-derived (GUM) sugar amino acid 
(SAA) structure. 
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Figure 1.2 Library of different SAA structures constructed by introducing cyclic 
peptides in the H-GUM-OH peptidomimetic scaffolds (Modified from Graf Von et al.).23	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Figure 1.3 (1à5) amide-linked saliooligmers structures prepared by solid-phase 
peptide synthesis.	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Figure 1.4 Monomeric units in poly-amido-saccharides (PAS) are connected by 
unnatural α-N-1,2-D-amide linkages. 
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Figure 1.5 Structural comparisons between β-D-mannuronic acid (left) and α-L-
guluronic acid (right). 
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Figure 1.6 Structural comparisons between amylose (top) and amylopectin (bottom). 
 
 
 
 
  
	   	  
	  
35	  
 
 
 
 
 
Figure 1.7 Early account of comparing X-ray diffraction patterns to investigate 
polysaccharide structure from plant starches under different hydration environments. 
(Left) X-ray diffraction pattern of (a.) synthetic muscle polysaccharide, and (b.) 
polysaccharide from potato starch. (Right) X-ray diffraction of muscle polysaccharide 
under (a.) hydrating and (b.) dehydrating environments (Modified from Bear et al.).47 
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Figure 1.8 Electron micrographs and diffraction diagram of A-amylose 
crystals. (A.) Depicts crystals aggregated in a rosette-like organization. (B.) Close-up 
depicture of a single crystal platelet. (C.) X-ray diffraction pattern of an A-amylose 
crystal (Modified from Imberty et al.).49 
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Figure 1.9  (Left) TEM images of crystals formed from mamman II polysaccharides 
isolated from an ivory nut, which resulted in a need-like confirmation of about 7 nm in 
width. (Right) X-ray power diffraction of a hydrated mamman II polysaccharide sample (Modified	  from	  Heux	  et	  al.).51 
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Figure 1.10 SAXS results of dry (<5% w/w; solid line) and wet (45% w/w; dotted line) 
native potato starch. Hydrated starch depicted the presence of two new peaks suggesting 
lamellar and inter-helix scattering compared to dry samples (Modified from Waigh et 
al.).52 
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Figure	  1.11	   WAXS and SAXS results comparison of a hydrated sample of amylose 
and amylopectin (Modified from Huang et al.).53 
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Figure 1.12 Computation model developed to predict and explore different structural 
compositions of pullulan oligomers and gellan gum polysaccharide structures from SAXS 
results. With this model, structural parameters such as torsion and bond angles and 
degree of randomness can be calculated and predicted (Modified from Dogsa et al.).54 
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Figure 1.13 Schematic depicting using galactose-based glycopolymers to develop 
targeted gene delivery carriers to transport plasma DNA (Modified from Thapa et al.).68 
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Figure 1.14 Structure of a –1,6-linked oligosaccharide. A and B groups refer to amino-
containing compounds. R groups refer to H or SO3Na moieties. 
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Scheme 1.1 β-lactam monomer synthesis and polymerization of glucose-derived PAS 
(glc-PAS) or galactose-derived PAS (gal-PAS) (Modified from Chin et al.).30 
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Scheme 1.2 Synthesis of amphiphilic block glycopolymers used to develop micelles 
for drug loading and delivery applications.  
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Scheme 1.3 Synthesis of glycopolymers containing glucose, galactose, or fructose to 
be assembled into nanoparticles for improved metal-based drug delivery loading and 
transportation.  
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Scheme 1.4 Schematic describing the sulfation reaction of trimethylsilyl cellulose 
(TMSC) with different sulfur trioxide- complexes. 
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CHAPTER 2. Synthesis, characterization, and hydrolysis studies of glucose- and 
galactose-derived poly-amido-saccharides (PASs) 
 
2.1 Introduction 
Natural polysaccharides are of significant interest in chemistry and engineering 
due to their structural diversity and essential roles in metabolism and other physiological 
processes.1-3 Thus, carbohydrates are important therapeutic targets for new drug 
development and tissue engineering opportunities. Yet, in contrast to polypeptide and 
polynucleic acid synthesis, where preparation methods are well-established,93-94 
polysaccharides are challenging synthetic targets due to the high density of repeated 
functional groups along the backbone, large number of stereocenters throughout the 
polymer structure, and need for stereochemical control at the glycosidic linkages.12-13, 95  
Despite these synthetic obstacles, oligosaccharides can be accessed using 
solution-phase and solid-phase techniques, which can provide carbohydrate polymers of 
molecular weights (MW) less than about 2 kDa.1 However, these stepwise approaches are 
not amenable to preparing polysaccharides with high degrees of polymerization (DP). 
Therefore, the study and use of polysaccharides have relied heavily on materials isolated 
from natural sources10 especially since current synthetic approaches to polysaccharides or 
polysaccharide mimetics are limited in scope and utility. Several examples of effective 
polysaccharides chemical synthesis are described via cationic ring-opening 
polymerization (ROP) of sugar anhydrides, a method first explored in the 1960’s.15, 96 
This strategy provides 1,6-linked polysaccharides with high degree of polymerizations 
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(DPs) (>100), but is limited to 1,6-linked systems as preparing polysaccharides with 
other linkages, such as 1,4-linked cellulose97 (DP < 20) and chitin98 (DP < 14) is less 
effective. 
 	  
2.2 Poly-amido-saccharides 
In response to the need for reliable approaches to prepare carbohydrate polymers, 
Dane and Grinstaff in 2012 reported a method to synthesize well-defined, enantiopure 
carbohydrate polymers, called poly-amido-saccharides (PASs), using a controlled anionic 
polymerization of β-lactam sugar monomers (Scheme 1.1).27 Unlike natural 
polysaccharides, where sugar units are joined by glycosidic ether linkages, these 
polymers are linked through the 1- and 2-positions by an amide group instead. PAS 
oligomers and polymers have a highly novel polymer structure that is not found in nature. 
Based on initial studies, PAS structures derived from glucose (glc) and galactose (gal) 
exhibit remarkable properties, motivating further study. For example, Dane et al. showed 
glc-derived PASs to be recognized by the plant lectin concanavalin A, demonstrating 
PASs to perform similarly to natural glc-derived polysaccharides.27 
Via anionic ring-opening polymerization (AROP), PASs were synthesized with 
batch-to-batch consistency, defined molecular weights (MWs) ranging from 2,000 to 
40,000 Da, and low polydispersity (PDI) while retaining the chiral, cyclic main-chain 
structure and pyranose backbone found in natural polysaccharides. PASs can also be 
functionalized with side groups at the monomer and polymer level, as shown with PAS-
amphiphilic structures29, PAS structures possessing octyl ether chains32, and glc-PAS 
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structures containing carboxylated groups31. These early investigations suggested PAS 
structures could offer researchers with the ability to have control over its synthesis while 
allowing for functionalization, which is a major advantage and need within the field. 
However, thorough investigation and further characterization efforts are still required in 
order to fully recognize the significant impacts PASs may have for the chemistry, 
biomedical, and engineering communities. These efforts will additionally provide more 
thorough understandings on the structure-function relationships within carbohydrate 
polymers, which will be critical for modifying PAS structures and other polysaccharides 
with desired features and properties. 
 
2.3 Monomer and polymer synthesis 
The glc- and gal- β-lactam monomers were prepared on a 15-gram scale in good 
yields (60-70% for glc- and 75-85% for gal- β-lactam monomers), via the stereoselective 
cycloaddition of tri-O-benzyl-D-glucal or tri-O-benzyl-D-galactal and chlorosulfonyl 
isocyanate (Scheme 2.1). The reaction was followed by in situ reduction to remove the 
sulfonyl groups. The final product was purified via column chromatography and its 
chemical structure was verified using 1H-NMR spectroscopy.  
As described in Scheme 1.1, the β-lactam monomers underwent AROP with a 6-
amino-hexanoic acid modified with a pentafluorophenol ester (Scheme 2.2) as the 
initiator. The molecular weight and degree of polymerization (DP) of resulting PAS 
polymers were controlled by adjusting the mol % loading ratio between monomer and 
initiator. For example, AROP of the monomer with the loading ratio of 4.0 mol% initiator 
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would yield PAS 26-mer polymers (DP=26) while a ratio of 10 mol% initiator would 
yield PAS 10-mer polymers (DP=10). Once the benzyl–protected PAS samples were 
polymerized and isolated, samples undergo debenzylation with sodium metal in liquid 
ammonia (Birch reduction) to remove the benzyl protecting groups and reveal the 
hydroxyl groups in the final product. The sample was purified via dialysis against water 
over 72 hours with three water changes. Both glc- and gal-PAS samples were noted to be 
obtained in high yields of > 90%. 
The advantages of using AROP includes: 1) affording polymers with low 
dispersity; 2) controlled MWs; 3) stereochemically defined carbohydrate polymers; 4) a 
relatively straightforward synthesis approach; and, finally 5) epimerization does not 
occur at either the 1- or 2-position of the pyranose ring giving an enantiopure polymer.99-
102 This last advantage is critical since connecting the sugar units by amide groups 
eliminates complications with stereocontrol (α/β) at the glycosidic linkage by using the 
AROP mechanism, involving the cleavage and reformation of an achiral amide bond100, 
103, to produce an enantiopure polymer.  	  
2.4 NMR, molecular weight, and IR characterization  
1H-NMR spectra of PAS samples in D2O were well resolved with sharp defined 
peaks as shown with glc-PAS and gal-PAS 10-mer samples in Figure 2.1 and Figure 2.2, 
respectively. GCOSY spectra were collected to confirm coupling assignments, as noted 
in Dane et al.27 Gel permeation chromatography (GPC) characterization revealed all glc- 
and gal-PAS samples to have monomodal peaks. No decrease in chain lengths or increase 
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in polydispersity index (PDI) values when comparing PAS samples before and after 
Birch reduction was observed. When characterizing glc- and gal-PAS samples in aqueous 
GPC buffer against dextran standards, low PDI values of 1.1-1.2 were obtained for chain 
lengths up to DP = 25. Greater chain lengths of DP ≥ 50 resulted in slightly higher PDI 
values of 1.4-1.5. GPC results are summarized in Table 2.1. MALDI-TOF-MS 
characterization on glc-PAS 10-mer samples demonstrated similar MW values 
comparable to those obtained with GPC analysis (Figure 2.3). Infrared spectroscopy 
analyses of glc- and gal-PAS structures showed a strong broad peak in the 3300 cm-1 
region and sharp peaks in the 1700 and 1500 cm-1 regions, which refer to the hydroxyl, 
amide I, and amide II groups, respectively (Figure 2.4). Complete removal of the benzyl 
groups was demonstrated by the disappearance of the aromatic C-H signals between 3000 
and 3100 cm-1.  
 
2.5 Rigid helical secondary structure characterization and thermal stability 
Both glc- and gal-PAS structures possessed a left-handed helical secondary 
structure as observed via circular dichroism analysis where a positive peak was noted at 
190 nm and a negative peak near 220 nm.27, 30-31 As reported in Stidham et al. (2014)31 
and Chin et al (2016)30, the resulting CD spectra was comparable to those obtained with 
homooligomeric 1,2-substituted cyclohexane β-peptides, which also formed similar 
helical structures in solution. When glc-PAS samples were exposed to heat from 25-
90°C, their helical secondary structure was maintained as reported in Figure 2.5 and in 
Chin et al. 2016.30 Similar results were obtained when PASs were exposed to varying pH, 
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ionic salts, and chemical denaturants, documenting their structural rigidity and stability 
(Figure 2.5). To investigate their thermal stability, differential scanning calorimetry 
analysis was performed which showed PASs to be thermally stable up to 285.0°C 
(Figure 2.6).  	  
2.6 Hydrolysis and enzymatic degradation studies 
The hydrolysis of glc- and gal-PAS 50-mer samples was performed in phosphate 
buffer at pH 7 in 37°C where changes in molecular weight were monitored over 60 days 
with aqueous GPC. Degradation was not observed for both samples, suggesting PAS 
structures to be stable under these conditions. Gal-PAS 50-mer samples were incubated at 
varying pH levels to explore their hydrolysis behavior, which was compared to a dextran 
standard (Mn = 25.0 kDa). As seen in Figure 2.7, a pH rate profile curve was prepared 
for a gal-PAS 50-mer sample to identify the upper and lower bounds of pH conditions in 
which hydrolysis was observed.104 After a 7-day incubation, hydrolysis for the gal-PAS 
samples was noted at the upper and lower bounds of pH < 2 and >10, whereas these 
limits for dextran was seen at pH < 1 and >12. 
Next, enzymatic hydrolysis of glc- and gal-PAS 50-mer samples was investigated 
following a protocol by Saotome et al.105 Lysozyme (glycoside), pepsin and trypsin 
(proteases),105-106and esterase105 enzymes were incubated with PAS samples at 37°C for 14 
days. Prior to this analysis, enzyme activity was validated under these conditions with 
their respective substrates: Micrococcus lysodeikticus for lysozyme, hemoglobin for 
pepsin, benzoyl-argingine-p-nitroanilide (a cleavable chromophoric small molecular 
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substrate) for trypsin, and 5-bromo-4-chloro-3-indolyl acetate for esterase. Changes in the 
PAS molecular weight were monitored using aqueous GPC after the 14-day incubation 
and compared to PAS 50-mer samples. GPC results demonstrated no change in molecular 
weight for all tested samples, revealing that glc- and gal-PAS samples to be resistant to 
enzymatic hydrolysis.  
 
2.7 Conclusion  
 Glc- and gal- β-lactam monomers were synthesized using AROP to produce PAS 
samples in high yields with control over molecular weight and degree of polymerization 
ranging from 10 to 50. GPC characterization of resulting polymers had molecular weights 
comparable to theoretical values and demonstrated narrow PDI. Degradation to the PAS 
backbone was not observed after deprotection of the beznylated groups during Birch 
reduction.  PAS structures at varying DP possessed a rigid secondary structure, as noted 
via CD analysis, which remained enact when subjected to varying temperatures, ionic 
strengths, and pH conditions. DSC analysis revealed PASs to be thermally stable up to 
285°C. Hydrolysis investigations indicated PASs structures to be stable in solution at pH 
7 in 37°C over 60 days, and were resistant to enzymatic degradation in the presence of a 
glycosidase, proteases, and esterase. Hydrolysis of the PAS was observed under strong 
acidic, pH < 2, and basic, pH > 10 conditions.  These preliminary findings revealed both 
glc- and gal- PAS structures to be rigid and robust while possessing a unique helical 
confirmation.   
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By synthesizing PAS structures via AROP, this straightforward approach provides 
good control over its structure, molecular weight, and DP while maintaining low PDI 
values, which are advantageous to produce polysaccharide-mimetics while preserving 
important features of natural polysaccharides. Since PAS structures are not found in 
nature, these unique carbohydrate-based structures are quite attractive for further 
investigations. 
 
2.8 Materials and methods  
General methods, materials, and instrumentation 
Materials and chemicals were purchased from Sigma Aldrich or Alfa Aesar and 
immediately used as received unless otherwise noted. 3,4,6-tri-O-benzyl-D-glucal and 
3,4,6-tri-O-benzyl-D-galactal starting materials were purchased from Carbosynth, LLC 
(San Diego, California). Solvents used for the polymerization reactions were dried and 
freshly distilled prior to use. Reactions were carried out using standard techniques. 1H-
NMR spectra were recorded on a Varian INOVA 400MHz or 500MHz spectrometer. 
Infrared spectroscopy was performed on a Nicolet FT-IR with a horizontal attenuated 
total reflectance (ATR) adapter plate. Gel permeation chromatography (GPC) was 
performed in aqueous solvent (0.1 M NaNO3, 0.01 M Na2HPO4, 0.02% NaN3, pH 7.5) 
using a PL aquagel-OH 60 column (purchased from Waters) at a flow rate of 0.5 mL/min 
with a refractive index detector against dextran standards. Circular dichroism (CD) 
studies were performed on an Applied Photophysics CS/2Chirascan using a standard 
Mercury lamp.  
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Glucose and galactose β-lactam monomer synthesis  
The glucose and galactose β-lactam monomer was synthesized following a 
previously published procedures and the 1H-NMR spectra matched that reported in the 
literature.27-28 In summary, 1.35 mL (2.21 g, 15.6 mmol) of chlorosulfonyl isocyanate 
(CSI), previously stored over oven-dried sodium carbonate for 7 days at 4 °C, was 
dissolved in 20 mL of anhydrous toluene over 2.0 g of oven-dried sodium carbonate 
under N2 (g) at room temperature. The solution was cooled to -78 °C in a dry ice/acetone 
bath. In a separate round-bottom flask, 5.00 g (12.0 mmol) of tri-O-benzyl-D-glucal or 
tri-O-benzyl-D-galactal dissolved in 20 mL of anhydrous toluene. This solution was 
added gradually to the first solution in a drop-wise manner. The final solution is warmed 
to -60 °C by transferring the reaction flask to a dry ice/chloroform cooling bath. After 3 
hours at -60 °C for the glucal and 2 hours for the galactal, the reaction was cooled back to 
-78 °C in a dry ice/acetone bath. The solution is diluted with an additional 60 mL of 
anhdydrous toluene slowly with a syringe pump, which was followed by the addition of 
4.5 mL of Red-Al (>65 wt% solution in toluene). After mixing the solution after 15, the 
reaction was warmed to -55 °C for 15 minutes in the dry ice/chloroform bath. The 
reaction was further warmed to -10 °C in an ice/saturated ammonium chloride bath and 
stirred for 10 minutes. About 1.0 mL of water was added to quench the reaction which 
continued to stir for 30 minutes while warming to 0 °C. For the work-up, 50 mL of 
diethyl ether was added to the reaction and the organic phase was washed with sat’d 
bicarbonate and brine, dried over Na2SO4. The solvent was removed via rotary 
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evaporation. The crude material was purified with silica gel chromatography using a 1:1 
ratio of cyclohexanes and ethyl acetate. The solvent was removed once again via rotary 
evaporation to yield a clear, viscous oil that solidified to an amorphous solid upon 
standing was isolated.   
 
PAS polymerization procedure for glc-PAS and gal-PAS 10-mers  
Following previously published procedures27-28 in an oven-dried three-neck round 
bottom flask, the glucose or galactose β-lactam monomer (1.00 g, 2.18 mmol) and 
initiator (93.87 mg, 0.22 mmol) were dissolved in 15mL of freshly dried tetrahydrofuran 
(THF). The reaction was cooled to 0°C under N2 (g). 0.5M lithium hexamethyldisilazide 
(1.1 mL, 0.54 mmol) dissolved in THF was added to the reaction and stirred for 1 hr. 
Completion of the polymerization reaction was verified using thin lay chromatography 
using 1:1 cyclohexanes and ethyl acetate. The reaction was quenched with 1.0 mL of 
saturated ammonium chloride solution. The organic layer was first washed with 1.0 M 
HCl, saturated NaHCO3 solution, and brine before it was dried over Na2SO4 and filtered. 
The solvent was removed using a rotary evaporator to isolate a white solid. The solid was 
dissolved in a small amount of dichloromethane (DCM) which was then added drop-wise 
into cold pentane while stirring to precipitate a white solid which is the benzyl-protected 
PAS (glc-PAS: 920 mg, 92% yield; gal-PAS 720 mg, 72% yield). To remove the benzyl 
protecting groups, the benzyl-protected PAS sample (glc-PAS: 920 mg, 2.00 mmol; gal-
PAS 720 mg, 1.57 mmol) was dissolved in a minimal amount of DCM which was added 
to a dark blue solution containing 100 mL of condensed ammonia at -78°C and solid 
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sodium metal, that was previously washed with cyclohexanes, under N2 (g). 0.5 M 
lithium hexamethyldisilazide (glc-PAS: 6.01 mL, 3.00 mmol; gal-PAS: 4.7 mL, 2.35 
mmol) was added and the reaction stirred for 1 hour. Sodium metal was added 
periodically so that the solution remained dark blue throughout the reaction. The reaction 
was quenched by adding ~1 mL of saturated ammonium chloride drop-wise followed by 
gradually warming the reaction flask to room temperature as the ammonia evaporated. 
The reaction was purified via dialysis using a 1 kDa MWCO cellulose membrane for 48 
hrs with 3 water changes. The purified PAS samples were isolated by lyophilization to 
yield a fluffy, white powder. Glc-PAS 10-mer 1H-NMR (500 MHz, Deuterium Oxide): δ 
5.70 – 5.60 (m, 1H, H1), 4.03 (d, J = 27.2 Hz, 1H, H3), 3.61 (d, J = 12.3 Hz, 2H, H5), 
3.38 – 3.25 (m, 2H, H4), 2.93 (d, J = 12.8 Hz, 1H, H2), 2.63 (s, 0H), 2.16 (s, 0H), 1.64 – 
1.35 (m, 0H), 1.21 (s, 0H). Gal-PAS 10-mer 1H-NMR (500 MHz, Deuterium Oxide): δ 
5.65 (t, J = 11.3 Hz, 0H, H1), 4.64 (d, J = 1.9 Hz, 2H, H3), 3.06 (d, J = 11.1 Hz, 0H, H5), 
2.83 (s, 0H, H4), 2.16 (s, 0H, H2), 1.48 (d, J = 20.5 Hz, 0H), 1.21 (s, 0H). 
 
PAS polymerization initiator: pentafluorophenol conjugated 6-amino-hexanoic acid 
6-aminohexonic acid (6.24 g, 48.9 mmol) was dissolved with NaHCO3 (6.73 g, 
80.11 mmol) in 25 mL of distilled water at room temperature. The reaction was incubated 
in a 0°C ice water bath. 7.4 mL of benzyl chloroformate was added drop-wise into the 
reaction, which continued to stir for 18 hours while warming to room temperature. The 
resulting solution, which appeared to be viscous and slightly cloudy, was washed with 
hexanes followed by 1.0 M HCl and extracted using chloroform. The organic layer was 
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washed twice with brine, dried over Na2SO4, and filtered. The solvent was removed via 
rotary evaporation and the compound was purified via column chromatography. This 
compound was dissolved in 15 mL of anhydrous DCM with a 1.1 mol equivalent ratio of 
dicyclohexylcarbodiimide (DCC) for 30 minutes to ensure a completely dissolved 
solution. To this solution, 1.1 mol equivalence of pentafluorophenol was added to the 
reaction which was stirred for 20 hours at room temperature under N2 (g). The resulting 
solution was concentrated via rotary evaporation and the dicyclohexylurea (DCU) was 
removed by precipitation using ethyl acetate. The solution was re-concentrated and a 0.45 
m filter syringe was used to further remove any remaining DCU.  
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Table 2.1 Aqueous GPC characterization of glc-PAS and gal-PAS samples 
*Mw and Mn values were determined by aqueous GPC against dextran standards 
**Polydispersity index (PDI) is determined by Mw/Mn 
 
  
 DP Mw(Theo) (g/mol) 
*Mw(GPC) 
(g/mol) 
Mp(GPC) 
(g/mol) 
*Mn(GPC) 
(g/mol) 
**Đ 
Glc-PAS 
10 1890 1978 1936 1966 1.01 
25 3780 4903 4093 4489 1.09 
50 9450 21584 12577 18785 1. 
Gal-PAS 
10 1890 2663 2159 2387 1.12 
25 3780 5346 6203 7047 1.16 
50 9450 12900 18596 22968 1.30 
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Figure 2.1 (Top) 1H-NMR spectra of glc-PAS 10-mer in D2O (500 MHz); (Bottom) 
Coupling and proton assignments for the 1H-NMR of a glc-PAS sample (Modified from 
Dane et al. 2012). 
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Figure 2.2 1H-NMR spectra of gal-PAS 10-mer in D2O (500 MHz). 
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Figure 2.3 MALDI-TOF-MS characterization on a glc-PAS 10-mer sample 
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Figure 2.4 IR characterization of glc- and gal-PAS 10-mer samples 
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Figure 2.5 Circular dichroism spectra of 0.1 mg/mL glc-PAS samples dissolved in 
water or phosphate buffer subjected to different (left) temperature, (middle) pH, and 
(right) ionic conditions. Glc-PASs were observed to maintain their helical secondary 
structure under these varying conditions as noted by the peak at 191 nm and negative 
peak at 219 nm, suggesting their stable polymer properties and backbone rigidity. 
(Modified from Chin et. al 2016)  
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Figure 2.6 DSC characterization of a glc-PAS 10-mer sample to investigate its 
thermal stability which suggest PAS are stable up to 285°C 
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Figure 2.7 pH rate profile comparison between a gal-PAS 50-mer sample and dextran 
when incubated in buffered solutions at varying pH conditions 
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Scheme 2.1 β-lactam monomer synthesis of tri-O-benzyl-D-glucal or tri-O-benzyl-D-
galactal with chlorosulfonyl isocyanate (CSI). 
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Scheme 2.2 Synthesis of the 6-amino-hexanoic acid modified with a pentafluorophenol 
ester initiator 
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CHAPTER 3. Investigation of glc- and gal-PAS secondary structure and water 
solubility using combined experimental and computational approaches  
 
This chapter was adapted from the following previously published paper:  
Chin. S. L.; Lu, Q.; Dane, E. L.; Dominguez, L.; McKnight, C. J.; Straub, J. E.; 
Grinstaff, M. W. Combined molecular dynamics simulations and experimental 
studies of the structure and dynamics of poly-amido-saccharides. Journal of the 
American Chemical Society 2016, 138(20), 6532. (DOI: 10.1021/jacs.6b01837) 
 
3.1 Introduction 
Synthetic biopolymers are responsible for many breakthroughs in the biotechnology, 
medical device, and pharmaceutical areas. Mimetics of nucleic acids, such as peptide 
nucleic acid (PNA),107-109 glycol nucleic acid (GNA),110 locked nucleic acid (LNA),111-112 
and phosphorodiamidate morpholino oligomer (PMO),109, 113 represent successes with 
profound impacts on science and medicine. These novel biopolymers and their 
applications arose as a consequence of advances in synthetic methodology and 
computation. In contrast to nucleic acid structures, polysaccharides are remarkably 
diverse in stereochemistry, functionalization, linkage types, and degree of branching, and, 
thus, are challenging synthetic targets.2, 114 Notable structural and functional mimics of 
polysaccharides include glycopolymers115 (those containing pendent sugars), non-ether 
linked carbohydrate polymers,116 and those that are structural analogs.117 Synthetic 
polysaccharides have the potential to similarly impact society given the important 
biological roles they perform in structure, storage, and molecular recognition.118 
Therefore, it is important to development of new synthetic strategies and characterization 
tools for natural polysaccharides or synthetic polysaccharide mimetics.27 
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Glc- and gal-PAS polymers are stereoisomers that differ only at the C4 position, 
(Figure 3.1), however they display different chemical and physicals properties, for 
example solubility in water. The optimized and validated computational models 
developed in this study allow visualization and quantification of the conformational 
preferences of PAS structures at multiple length scales. As such, these computed models 
and complementary experimental studies provide a fundamental understanding between 
PAS composition, structure, and properties, as well as a foundation for further 
understanding how synthesized polysaccharide mimics can represent the diversity found 
within the natural polysaccharides.  
Herein, we report the: 1) synthesis and characterization of glc- and gal-PAS 10-mer 
samples; 2) development of a modified force field to include parameters for the peptide 
backbone of poly-amido-saccharides using CHARMM36 lipid and carbohydrate force 
fields56,64-119; 3) quantum mechanical (QM) calculations and potential energy scans of 
glc- and gal-PAS representative structures to understand the φ,ψ dihedral space within the 
PAS backbone; 4) experimental and calculated circular dichroism analysis of the helical 
PAS structures; 5) experimental 2D-NMR analysis and solubility studies of glc- and gal-
PAS structures in conjunction with MD simulations and water-PAS structural radial 
distribution functions (RDF); and, finally, 6) end-to-end distance and radius of gyration 
based on MD simulations of glc- and gal-PAS structures to compare chain lengths and 
polymer rigidity. Within the following results, all of the computational analysis was 
executed by Dr. Qing Lu from the Straub lab. 
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3.2 β-lactam monomer synthesis and PAS polymerization 
PAS polymerization reactions of the glc-derived and gal-derived β-lactam monomers 
afforded glc-PAS and gal-PAS 10-mer samples following previously published 
procedures as summarized in Scheme 1.1.27-28 Briefly, glc- and gal-derived β-lactam 
monomers were obtained via the stereoselective cycloaddition of tri-O-benzyl D-glucal or 
D-galactal with chlorosulfonyl isocyanate (CSI). Both monomer samples were obtained 
in moderate yields (65-78%) and purified by column chromatography. The PAS 
polymerization was performed by using the pentafluorophenol ester of Z-9-amino-
hexanoic acid as the initiator. The polymers were debenzylated with sodium metal and 
liquid ammonia, purified via dialysis, and lastly lyophilized to isolate the final products. 
All samples were obtained with good yields of 85-90%. Samples were characterized via 
gel permeation chromatography (Table 3.1), 1H-NMR, and IR spectroscopy. 
 
3.3 Rigid helical structures of simulated PAS ensembles 
We carried out 200ns MD simulations of the 10-mer glc- and gal-PAS polymers in 
explicit TIP3P solvent in the constant NPT (isothermal-isobaric) ensemble using the 
GROMACS package120,121 and the CHARMM36 lipid and carbohydrate56,64-119 force 
fields modified to include parameters for the PAS peptide backbone. The pressure and 
temperature were constrained (1 atm, 300K) using the Parrinello-Rahman barostat and 
Berendsen thermostat. The overall system size was NPAS=1 and NH2O=13486. Analysis of 
the general PAS backbone structure revealed that there are four unique bonds that repeat 
along the backbone:  C7-N1, N1-C1, C1-C2, and C2-C7, as highlighted in red in Figure 3.1. 
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Rotation around these bonds represented major potential sources of disorder along the 
polymer backbone, with variations in bond angles and lengths playing a secondary role. 
Using the conventions developed for β-peptides,122-123 we defined the dihedral angle 
centered on N1-C1 (C7-N1-C1-C2) as φ, and the dihedral angle centered on C2-C7 (C1-C2-
C7-N1) as ψ. The generalized pseudo-Ramachandran scatter plots for the last 20ns of the 
simulations are shown in Figure 3.2. No significant differences were observed in these 
contour plots between glc- and gal-PAS 10-mer structures as both plots showed tight 
clustered populations centered about φ=-100° and ψ=80°, indicating that the PAS 
backbone was relatively rigid with unimodal fluctuations. We performed additional 
calculations with the 12-mer and the 14-mer glc- and gal-PAS structures which showed 
similar clustered positions, suggesting that extending the chain length did not affect the 
φ,ψ space of the PAS backbone (Figure 3.3).  
Previously, we reported that both glc- and gal-PAS polymers exhibit a strong CD 
signal with a positive peak near 190 nm and a negative peak near 220 nm, suggestive of a 
helical secondary structure.20 In our initial report we modeled a glc-PAS oligomer using 
MMFF94s in the gas phase, and observed a left-handed helical structure with three-fold 
symmetry that contained inter-residue hydrogen bonds.27 In order to investigate whether 
hydrogen bonds between PAS repeat units play an important role in stabilizing the 
secondary structure, we conducted additional CD and NMR experiments. 
Using CD, we experimentally observed that the secondary structure in both glc- and 
gal-PASs did not significantly change over a wide range of conditions for pH31 (from 2-
12), temperature (from 20-80°C), and varying ionic salts concentration (i.e. 1M NaCl, 
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KCl, and LiCl), as well as in the presence of common protein denaturants, such as 5M of 
urea or guanidine HCl. If inter-residue hydrogen bonding played an important role in 
secondary structure, we would have expected to see significant changes in the CD 
spectrum when varying these conditions. We did observe a loss in the PAS CD signal 
following sodium periodate oxidation and tautomerization reactions to open the pyranose 
rings along the PAS backbone by oxidizing the vicinal diols of the C3 and C4 to aldehyde 
groups.31 Taken as a whole, these observations suggested that the rigid secondary helical 
structure observed in the PAS polymers is a consequence of backbone steric constraints 
resulting from the conformationally restricted pyranose rings and that non-bonded 
intramolecular interactions play a minor role.  
We confirmed this observation by conducting experimental hydrogen-deuterium 
exchange124,125 studies to examine amide protons along the PAS backbone. Hydrogen-
deuterium exchange for both glc- and gal-PAS 10-mer samples occurred rapidly, within 4 
minutes, and amide hydrogens did not appear to be protected from rapid solvent 
exchange (Figure 3.4). This finding supported the conclusion that inter-residue hydrogen 
bonding interactions are not primarily responsible for the rigidity of the PAS backbone 
and their helical characteristics. 
Next, we computed CD spectra using glc- and gal-PAS polymer conformations 
derived from 100ps of MD simulations with the Dichro-Cal126-127 software program to 
determine whether the newly developed AA models reliably represented the glc- and gal-
PAS systems (Figure 3.5). In agreement with our experimental data, the calculated 
spectra showed strong CD signals with a positive peak around 198 nm (compared to the 
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191 nm in experiment) and a negative peak at 220 nm (compared to the 219 nm in 
experiment). These results supported the validity of our AA-models and the structural 
ensembles derived from our MD simulations. 
Interrogation of the simulated structures revealed that both PAS oligomers formed a 
left-handed helix with approximately three-fold symmetry. The backbone amide groups 
orient such that the carbonyl and the nitrogen-hydrogen bonds point away from the 
helical axis and interact predominantly with solvent water molecules (Figure 3.1). The 
observation that the amide bonds are well-solvated is in agreement with our experimental 
results suggesting that they are not engaged in helix-stabilizing inter-residue hydrogen 
bonding.  
Previously reported helical secondary structures observed in β-polypeptides122-34,37-128, 
such as the 14-helix, are stabilized by inter-residue hydrogen bonding. These alpha-PAS 
oligomers cannot form the 14-helix observed for trans-2-aminocyclohexane carboxylic 
acid (ACHC) peptides33,34 as the backbone bonds are in a cis-geometry. However, based 
on initial preliminary gas-phase modeling, the β-isomers of the PASs, which possess a 
trans-geometry, may be able to access a 14-helix conformation, as there are no clear 
torsional or steric barriers to the formation of the required stabilizing inter-residue 
hydrogen bonds. Figure 3.6 depicts a side-by-side comparison of the alpha-PAS, 14-beta 
peptide (ACHC), and beta-PAS helices. Thus, the helical secondary structure of PAS 
oligomers arises due to factors other than inter-residue hydrogen bonding, such as the 
conformational constraints imposed at the level of the individual PAS repeat unit.  
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3.4 Generalized Pseudo-Ramachandran plots  
We investigated the role of carbohydrate-derived repeating units in promoting the 
helical conformation along the PAS backbone using QM modeling with DFT calculations 
(done by Dr. Qing Lu). To study how the repeat unit structure constrained the φ and ψ 
angles (Figure 3.1) within PASs, we used ab initio quantum chemical calculations to 
probe model structures representing glc- and gal-PAS, which we referred to as 1-Glc and 
1-Gal, respectively (Figure 3.7). These model structures were composed of a single 
repeat unit of glc- and gal-PASs, with the glycosidic nitrogen (N1) capped with an acetyl 
group and the carbonyl group at C7 capped as an N-methyl amide. The structures were 
minimized and studied with DFT calculations (M06-2x/6-31G(d)) using a polarizable 
continuum model (PCM) to approximate aqueous solvation.  The minimized structures 
observed had (φ,ψ) values of (-163°,109°) for 1-Glc and (-162°,108°) for 1-Gal. These 
consistent values between the two isomers suggested that a change in stereochemistry at 
C4 has minimal impact on the dihedral angle preferences of the model structures.  
To gain insight into the origin of these torsional preferences and to characterize the 
barriers to rotation, we constructed potential energy scans by independently varying the φ 
and ψ  angles from -180° to 180° (done by Dr. Eric Dane).  For each model, we began 
with the minimized structure and manually adjusted φ to desired values through bond 
rotation. The resulting structure was then geometry optimized with φ constrained to the 
specified value and the remaining degrees of freedom were optimized without 
constraints. The minimization was terminated and the relative energy recorded when the 
largest component of the energy gradient was less than 0.06 kcal/mol. This same 
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approach was applied to the ψ angle of 1-Glc as well as to the φ and ψ angles of 1-Gal to 
generate potential energy scans as shown in Figure 3.8. 
The interrelationship between φ and ψ dihedral angles was examined by plotting the 
resultant ψ angle for each constrained φ angle that was sampled, as noted by the white 
circles, and the measured φ for each constrained ψ, as noted by the white triangles in 
Figure 3.9. The QM DFT model is also depicted in Figure 3.8. The scans suggested that 
the rotational freedom of N1-C1 was likely strongly correlated with the ability of the C2-
C7 bond to sample ψ values within the energy well containing the local minimum (lower 
left). However, the rotation of ψ through the sampled values caused only minor changes 
in the resultant φ values, and thus rotation of ψ was likely not strongly correlated with the 
ability of φ to sample values far from its global minimum.  
We validated this newly designed CHARMM force field against QM results obtained 
from DFT calculations by carrying out potential energy scans of φ and ψ dihedral angles 
for 1-Glc and 1-Gal from -180° to 180°. These scans were conducted in both implicit 
solvent (Figure 3.9) and vacuum (Figure 3.10). Only the scanned dihedral angles were 
constrained while all other degrees of freedom were minimized. Data points from the QM 
DFT model for 1-Glc and 1-Gal from Figure 3.8 were superimposed onto the potential 
energy contour plots in Figure 3.9 for comparison. Data points of QM energy 
minimization studies were mainly localized within the lower potential energy (dark blue) 
basins of the potential energy surface. This indicated that the energy minimization for the 
backbone dihedral angles using the modified CHARMM force field agrees with the data 
obtained from QM calculations, further validating the molecular mechanics force field. 
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To explore whether glc- and gal-PAS 10-mer structures had a minimum other than 
our reported values of φ=-100° and ψ=80, we repeated the MD simulation at a higher 
temperature of 323K. According to Figure 3.10, we expected to observe 3 different 
energy minima in the upper left quadrant, lower left quadrant, and lower middle in the 
generalized pseudo-Ramachandran plots based on these potential energy scans for the 1-
Gal and 1-Glc monomeric models. The MD simulations of the PASs reported a localized 
dominant minimum at φ=-100° and ψ=80 (Figure 3.2), as suggested by the energy 
minima in the upper left quadrant (Figure 3.9). When repeating the MD simulation at a 
higher temperature of 323K (Figure 3.11), the glc- and gal-PASs became accessible to a 
second minimum around φ=-100° and ψ=-100, which was suggested by the minima noted 
in the lower left quadrant in Figure 3.10. However, a third potential energy minimum for 
the PAS was not observed in the bottom right quadrant. We hypothesized that 
configuring the PAS dihedral angles around φ=40° and ψ=150° will result in a steric 
clash between adjacent monomeric units, resulting in a low probability for the PAS to be 
in this configuration. 
 
3.5  Agreement between simulated PAS ensembles with 2D-NMR  
We conducted 1H,13C-HSQC and 1H,1H-NOESY 2D-NMR studies with gal-PAS and 
glc-PAS 10-mer samples to compare the solution structures of the two polymers. 1H and 
13C peaks were assigned based on previously reported 1H-NMR and 13C-NMR analysis of 
glc-PAS and gal-PAS structures.  
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Differences in the 1H and 13C resonance and chemical shifts were compared between 
the 1H,13C-HSQC spectra of glc- (green) and gal-PAS (red) samples (Figure 3.12). Both 
spectra demonstrated similar 1H-13C resonance and chemical shifts for the C1-H1 position, 
located in the PAS backbone, as well as along the aliphatic carbon chain of the initiator at 
the Ca-Ha, Cb-Hb, Cc-Hc, Cd-Hd, and Ce-He positions. These observations suggested that 
glc- and gal-PAS polymers possess similar structural features and chemical environments 
at these particular sites. However, the resonance correlating to C2-H2, C3-H3, C4-H4, C5-
H5, and C6-H6 positions differ in chemical shifts and J-coupling patterns, which indicated 
structural differences between the glc- and gal-PAS within the pyranose rings rather than 
the backbone. These results were as expected since both polymers possess similar 
chemical structures and backbone, but only differ at the C4 conformation.  
In addition, we compared 1H,1H-NOESY spectra for glc- and gal-PAS 10-mer 
samples at a mixing time of 100ms, which revealed several key differences in structure. 
NOESY studies were repeated at mixing times of 200ms and 50ms, which revealed 
similar results. NOE signals were observed corresponding to protons located within the 
pyranose ring, specifically the H2, H3, H4, H5, and H6, for glc- (green) and gal-PAS (red) 
structures (Figure 3.13). The strength of the NOE signals were conservatively classified 
as “strong” or “weak” in Table 3.2, which were related to approximate proton distances 
of less than 3.0Å and greater than 3.0Å (Figure 3.14), respectively.129,130 Next, NOE data 
were compared to the average distances and variance between proton pairs within the 10 
sugar units throughout the glc-and gal-PAS structure during the last 20 ns of our MD 
simulations (Table 3.2).  
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The majority of the structural measurements derived from the MD simulated PAS 
systems agreed with the NOE data. Measured proton distances that correlated to strong 
NOE signals corresponded to relative proton distances less than 3.0Å, while those 
correlated to weak NOE signals corresponded to relative distances greater than 3.0Å. We 
found similar proton measurements and NOE signal intensities between the glc- and gal-
PAS samples for the H1 to other protons located along the pyranose ring, suggesting that 
both PASs have comparable spatial relationships around the H1 sites. The measured 
distances between the H2-H4 protons showed the most appreciable difference between 
PAS structures, with 2.49±0.15Å and 3.71±0.08Å for the glc- and gal-PAS, respectively. 
These differences were also reflected in our NOESY spectra as glc-PAS showed a 
stronger NOE signal than gal-PAS. A stronger NOE signal was also observed between 
the H4 and H6 protons in the gal-PAS sample than expected when compared to the 
calculated proton distance of 3.26±0.35Å from the MD simulation. This may result from 
interresidual NOE signal contribution from neighboring sugar units. Two discrepancies 
were found in which the proton distance was not correlated with the strength of the NOE 
signal: the H2-H5 proton distance for the glc-PAS and the H3-H6 proton distance for the 
gal-PAS, which were not reported in Table 1. These NOE signals are complicated by the 
overlapping proton peaks with chemical shifts (Figure 3.13) contributing from the NOE 
signal for the H5/6 peaks for the gal-PAS sample and from the H4/5 peaks for the glc-PAS 
sample. Overall, we found the NOESY data to be in good agreement with the MD 
simulation analysis, further validating the AA simulations. 
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3.6   Water solubility with radial distribution functions  
We previously reported that gal-PAS samples possessed high water solubility at all 
chain lengths (ranging from 10-mer to 100-mers) at concentrations up to 100 mg/mL. In 
contrast, glc-PAS samples tended to precipitate out of solution at ~25 mg/mL under the 
same conditions, especially at greater degrees of polymerization (i.e., 50- and 100-
mers).27-28 These substantial differences in solubility were surprising given the relatively 
minor structural differences between polymers in which the C4 hydroxyl groups of the 
pyranose rings is situated axial (gal-PASs) or equatorial (glc-PASs). To gain insight as to 
why this particular stereochemical difference drastically affects the solubility of these 
PAS structures and their hydration properties, we calculated the number of hydrogen-
bonding sites within our AA-models of the PAS structures, as well as with surrounding 
solvent molecules, and analyzed water-PAS structural correlations through computed 
radial distribution functions (RDFs) (done by Dr. Qing Lu). 
We investigated the number of potential intramolecular hydrogen-bonding 
interactions within the PAS 10-mer structures. A hydrogen bond is formed between an 
atom with a hydrogen atom bonded to it (the donor, D) and another atom (the acceptor, 
A) provided that the distance D-A is less than the cut-off distance (3.5 Angstroms) and 
the angle D-H-A is less than the cut-off angle (30 degrees). The number of hydrogen 
bonds was then calculated using GROMACS under these criteria. Gal-PAS was 
calculated to have an average of 3.01 hydrogen-bonding interactions per PAS unit, which 
is less than glc-PAS that had an average of 4.88. These findings correlated well with our 
experimental findings suggesting that less intramolecular hydrogen-bonding interactions 
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will enable more intermolecular hydrogen bonds to form with solvent molecules. We 
further investigated correlations between neighboring water molecules and key 
hydrophilic groups along the PAS structures, specifically to the oxygen atom within the -
OH groups, at the C3, C4, and C6 positions along the sugar ring, and the nitrogen atom 
within the amide linkages. A total of 87 potential intermolecular interactions between 
nearby water molecules to these key hydrophilic groups were calculated for both glc- and 
gal-PAS, indicating that both PAS structures have the same number of potential 
hydrogen-bonding interactions with surrounding water molecules. Although this finding 
was expected, it cannot explain the observation that glc- and gal-PAS samples have 
drastically different solubility properties. As such, other factors may be responsible for 
these experimental differences rather than the quantity of intramolecular or 
intermolecular hydrogen-bonding interactions.  
To further probe the nature of the water-PAS interactions, radial distribution 
functions (RDFs) were computed to compare the probability of forming solvent hydrogen 
bonds with key hydrophilic sites along the PAS. As depicted in Figure 3.15, all three 
RDFs indicated a higher probability for nearby water molecules to hydrogen-bond with -
OH groups at the C3, C4, and C6 positions along the pyranose rings in gal-PAS (red) 
compared to those in glc-PAS (green). Particularly, the RDFs in Figure 3.15, depicting 
the probability of forming solvent hydrogen bonds to –OH groups at the C4 position, 
showed the most appreciable difference. A similar trend was also noted when computing 
RDFs between nearby water molecules and the nitrogen atom within the amide linkages 
(Figure 3.16).  
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Our RDF calculations revealed a greater probability for water molecules to be in 
closer contact to key hydrophilic groups within the sugar moieties for gal-PAS structures 
compared to glc-PAS. These findings suggested that orienting the –OH group at the C4 
position to equatorial hinders the ability for glc-PASs to be in closer contact with 
neighboring water molecules as oppose to gal-PAS structures in which the C4 –OH group 
is axial and situated out of the plane. While this analysis lacks evaluation of differences 
in stability of the glc- and gal-PAS solid states, these findings correlated with the 
experimental observations that gal-PASs are substantially more water-soluble.  
 
3.7 Polymer length Measurements 
Finally, we investigated how the orientation of the -OH group at the C4 position 
affected the overall structural conformation and length of the PAS structures by 
comparing the end-to-end distances and radius of gyration of our MD simulation models 
(done by Dr. Qing Lu). The end-to-end distance and radius of gyration were calculated 
based on the last 100ns of the 200ns MD simulations of glc- (green) and gal-PAS (red) 
10-mer, 12-mer, and 14-mer structures (Figure 3.17 and Figure 3.18), with their mean 
values and deviations reported in Table 3.3. No statistically significant difference was 
observed in the mean values for the glc- and gal-PAS 10-mer, 12-mer, and 14-mer 
structures. These findings suggest that the sole structural difference in the glc- and gal-
PAS structures, the orientation of the -OH group at the C4 position, does not have a major 
impact on polymer length or conformational fluctuations.  
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The dependence of persistence length on polymer length was further explored by 
analyzing the end-to-end distance using the predictions of the worm-like-chain (WLC) 
model. The WLC model is appropriate for describing still polymers that form flexible, 
rod-like structures as we have observed for the case of PAS polymers.131-133 According to 
the WLC model, the relationship between the mean square end-to-end distance of the 
polymer and its persistence length can be defined as < 𝑅! >= 2𝑃𝑙 1− !! (1 = 𝑒(!!/!) ,               (1) 
where l is the length of the polymer chain, and P is the persistence length. The mean 
square end-to-end, distance, <R2>, was calculated from the last 100ns of the 200ns MD 
trajectory. The chain length, l, was calculated by multiplying the average length of one 
unit, 0.35nm for both glc- and gal-PAS, by the number of repeating units. Based on the 
WLC model, the resulting persistence length was calculated to be 2.23 nm for glc-PAS 
and 2.02 nm for gal-PAS structures. This suggests similar polymer stiffness 
characteristics between glc- and gal-PAS structures, with glc-PAS polymers being 
slightly stiffer than gal-PAS. 
 
3.8 Conclusion  
We report a combined experimental and computational study to analyze and compare 
glc- and gal-PAS solution structures. Our results suggest that the glc- and gal-PAS 
backbone structures are relatively rigid and display similar unimodal fluctuations in φ,ψ 
dihedral space around values consistent with the formation of a  helical structure. Both 
glc- and gal-PAS samples show a strong circular dichroism (CD) signal indicative of a 
	   	  
	  
84	  
helical conformation, which is stable and unperturbed under a wide-range of conditions 
(i.e., high temperatures, pH, salt concentrations, and denaturants concentrations). 
Quantum mechanical density functional theory (DFT) calculations and generalized 
pseudo-Ramachandran scatter plots, showing an energy minima at particular φ,ψ dihedral 
angles, reveal that the backbone configuration of PASs are in good agreement with 
calculated potential energy scans. Calculations of radial distribution functions correlate 
water molecules to key hydrophilic groups along the PAS structure indicate that there is a 
measurably closer contact between solvent molecules and hydrophilic groups in sugar 
moieties for gal-PAS compared to glc-PAS. This simulation result is consistent with our 
experimental observations that gal-PASs are substantially more water-soluble than glc-
PASs at all chain lengths. Results from 1H,13C-HSQC and 1H,1H-NOESY 2D-NMR 
studies of glc-PAS and gal-PAS 10-mer samples correlated with the MD simulations, 
further supporting the validity of our AA-models. Finally, end-to-end distance and radius 
of gyration measurements suggest that glc- and gal-PAS structures possess similar chain 
lengths and conformational fluctuations.  
Overall, these results highlight the importance of the PAS repeat unit structural 
rigidity in promoting a stable helix that does not depend on inter-residue hydrogen 
bonding along the the backbone. Additionally, the minor stereochemical change of the 
hydroxyl group at the C4 position is responsible for substantial differences between glc- 
and gal-PAS water solubility properties based on the greater ability of gal-PASs to 
interact with solvent water molecules. Results from these studies demonstrate that our 
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computational analysis and experimental observations are in agreement and validate our 
AA-models as reliable representations of the glc- and gal-PAS systems. 
The outcome of these studies will contribute to a more thorough and insightful 
understanding of the relationship between composition, structure, and chemical 
properties of PASs. This modified CHARMM force field and MD simulation provides a 
versatile tool that can be applied towards other PAS systems consisting of different 
pyranose rings, different degrees of polymerization, and structural modifications (i.e., 
with amphiphilic lipid groups), and, more importantly, to other synthetic polysaccharides.  
Additionally, these findings emphasize the importance of complementing theoretical 
findings with experimental results as a method to verify results, as well as the advantages 
of using both approaches to obtain a more comprehensive understanding of 
macromolecular systems. 
 
3.9  Materials and Methods 
General methods, materials, and instrumentation 
Materials and chemicals were purchased from Sigma Aldrich or Alfa Aesar and 
immediately used as received unless otherwise noted. 3,4,6-tri-O-benzyl-D-glucal and 
3,4,6-tri-O-benzyl-D-galactal starting materials were purchased from Carbosynth, LLC 
(San Diego, California). Solvents used for the polymerization reactions were dried and 
freshly distilled prior to use. Reactions were carried out using standard techniques. 1H-
NMR spectra were recorded on a Varian INOVA 400MHz or 500MHz spectrometer. 
Infrared spectroscopy was performed on a Nicolet FT-IR with a horizontal attenuated 
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total reflectance (ATR) adapter plate. Gel permeation chromatography (GPC) was 
performed in aqueous solvent (0.1M NaNO3, 0.01M Na2HPO4, 0.02% NaN3, pH 7.5) 
using a PL aquagel-OH 60 column (purchased from Waters) at a flow rate of 0.5 mL/min 
with a refractive index detector against dextran standards. Circular dichroism (CD) 
studies were performed on an Applied Photophysics CS/2Chirascan using a standard 
Mercury lamp.  
 
Glucose and galactose β-lactam monomer synthesis  
The glucose β-lactam monomer was synthesized following a previously published 
procedure and the 1H-NMR spectra matched that reported in the literature.27, 30 The 
galactose β-lactam monomer was synthesized following a previously published procedure 
and the 1H-NMR spectra matched that reported in the literature.28, 30 Detailed descriptions 
on the monomer synthesis can be found under Chapter 2.8 Materials and Methods. 
 
PAS polymerization procedure for glc-PAS and gal-PAS 10-mers  
 PAS polymerizations were conducted following previously reported 
procedures.27-28, 30 Detailed descriptions on the polymerization can be found under 
Chapter 2.8 Materials and Methods. 
 
Force field parameters and simulation details 
Force field parameters for glc-PAS and gal-PAS were derived based on the 
CHARMM36 additive all-atom force field for carbohydrate derivatives.  Specifically, the 
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force field parameters N-acetylglucosamine (GlcNAc) and N-acetylgalactosamine 
(GlaNAc) were used with modification, considering the commonality and differences 
between the molecular structures of GlcNAc (GlaNac) and glucose-PAS (galactose-
PAS). MD simulations were performed on a single gal-PAS or glc-PAS chain with 10, 12 
and 14 repeating units, in cubic water boxes with side lengths equal to 92.31 Å, 119.31 
Å, 136.85 Å, respectively, as the initial dimensions of the simulation. The boxes were 
filled with 25844, 40618, 61380 water molecules. An initial MD equilibration of the 
solvent was carried out with gal-PAS or glc-PAS restrained as the system was simulated 
at 300 K over a period of 20 ps for the NVT simulation, and 100 ps for the NPT 
simulation, with pressure held at 1 atm and taking 2 fs time steps.  
Production MD simulations with pressure and temperature held constant at 1 bar 
and 300 K were carried out for a duration of 200 ns. The linear constraint solver (LINCS) 
algorithm was used to constrain all bonds with an integration time step of 2 fs. The 
temperature was kept constant using the Nose-Hoover coupling scheme. An isotropic 
pressure coupling by means of a Parrinello-Rahman barostat with a coupling constant of 
10 ps was used in the constant pressure simulation. The Particle Mesh Ewald method was 
used for electrostatic interaction. The van der Waals cutoff was set to 1.2 nm. All 
simulations were performed using facilities within the GROMACS package version 
4.6.5. Analysis was performed using GROMACS and MDAnalysis. 
 
1D- and 2D-NMR Experiments 
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NMR data were collected on a 500 MHz, Bruker Avance III, NMR spectrometer 
equipped with a cryogenic probe. For hydrogen-deuterium exchange studies, 100mM of 
glucose or galactose PAS 10-mer samples were first prepared in 5mM sodium acetate at 
pH 5.0 with 1mM trimethysilyl propanoic acid as reference. The glc-PAS sample was 
stored for a week and centrifuged to remove precipitation.  Both samples were then 
lyophilized. Hydrogen-deuterium exchange was initiated with the addition of 99.8% D2O 
and 1D-1H-NMR spectra were taken periodically to monitor the reaction by the 
disappearance of the amide peaks.  Watergate suppression was used to remove residual 
water signal.  The time from D2O addition to the completion of the first experiment was 
about 4 minutes.  The same samples were used to collect 2D-NMR spectra including 
double quantum filtered COSY (DQFCOSY), 100ms mixing time NOESY and 13C-
heteronuclear single quantum coherence spectra (HSCQ) using standard Bruker pulse 
sequences.  The 2D data were collected as 6 scans of 2k data points with 600, 512 or 128 
T1 increments for the DQFCOSY, NOESY and HSQC spectra, respectively. The data 
was processed with Bruker TopSpin software and analyzed using MNova. 
 
  
	   	  
	  
89	  
 
 
	  
	  
	  
	  
	  
	  
 
 
 
Table 3.1. End-to-end distance and radius of gyration calculations of glc- and gal-PAS 
10-mer, 12-mer, and 14-mer polymer structures 
  
Radius of 
gyration (nm) 
End-to-end  
distance (nm) 
10-mer 
PAS 
gal 0.93±0.07 2.63±0.53 
glc 0.93±0.07 2.77±0.40 
12-mer 
PAS 
gal 1.01±0.08 2.86±0.62 
glc 1.03±0.09 3.03±0.59 
14-mer 
PAS 
gal 1.23±0.08 3.66±0.61 
glc 1.23±0.08 3.64±0.64 
*The distribution and calculated measurements are based on the last 100ns of the 200ns MD trajectory 
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Table 3.2 Comparison of proton distances within AA models of glc-PAS 
and gal-PAS 10-mer structures within the pyranose ring.* 
	  	  	  	   Galactose-­‐PAS	   Glucose-­‐PAS	  Proton	  pairs	   NOE	  Signal	   Distance	  (Å)	   NOE	  Signal	   Distance	  (Å)	  H1-­‐H2	   Strong	   2.34±0.09	   Strong	   2.37±0.10	  H1-­‐H3	   Weak	   3.78±0.09	   Weak	   3.78±0.09	  H1-­‐H4	   Weak	   4.84±0.06	   Weak	   4.02±0.14	  H1-­‐H5	   Weak	   3.67±0.08	   Weak	   3.67±0.08	  H1-­‐H6	   Weak	   4.64±0.29	   Weak	   4.82±0.41	  H2-­‐H3	   Strong	   3.03±0.05	   Strong	   3.03±0.04	  H2-­‐H4	   Weak	   3.71±0.08	   Strong	   2.49±0.15	  H2-­‐H5	   Weak	   3.86±0.09	   **	   3.88±0.10	  H2-­‐H6	   Weak	   4.68±0.38	   Weak	   4.37±0.42	  H3-­‐H4	   Strong	   2.36±0.09	   Strong	   3.02±0.05	  H3-­‐H5	   Strong	   2.43±0.14	   Strong	   2.60±0.18	  H3-­‐H6	   **	   4.59±0.18	   Weak	   4.58±0.20	  H4-­‐H5	   Strong	   2.39±0.09	   **	   2.39±0.09	  H4-­‐H6	   Strong	   3.26±0.35	   Strong	   2.89±0.42	  H5-­‐H6	   **	   2.74±0.29	   Strong	   2.69±0.25	  
*Proton distances were based on the average distances between protons from MD 
simulations of glc- and gal-PAS, which were correlated to experimental NMR NOESY data 
**NOE signals correlating to H3-H6 and H5-H6 for gal-PAS, as well as the H2-H5 and H4-H5 
peaks for glc-PAS were not analyzed due to overlapping H5 and H6 NOE peaks in the gal-
PAS spectra and H4 and H5 NOE peaks in the glc-PAS spectra 	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Table 3.3. GPC characterization of glu-PAS and gal-PAS  
	   Mw(Theo)	  (Da)	   *Mw(GPC)	  (Da)	   *Mn(GPC)	  (Da)	   **Đ	  Glc-­‐PAS	   1890	   2855	   2558	   1.12	  Gal-­‐PAS	   1890	   2588	   2344	   1.10	  
*Mw and Mn values were determined by aqueous GPC against dextran standards 
**Polydispersity index (PDI) is determined by Mw/Mn 
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Figure 3.1  AA models of (A) glc-PAS and (B) gal-PAS 10-mer structures shown in 
side view (left) and down the helical axis (right).  The helical PAS backbone is 
highlighted in bold in in the side view, as well as down the axis. The Ψ (psi) and Φ (phi) 
dihedral angles within the PAS backbone are as defined for both glc- and gal-PAS 
structures. The dihedral angle (in red) centered on C7-N1-C1-C2 is defined as Φ while the 
dihedral angle centered on C1-C2-C7-N1 as Ψ along the PAS backbone.  
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Figure 3.2  The generalized pseudo-Ramachandran scatter plot of φ and ψ dihedral 
angles of the last 20ns of the 200ns MD simulation results of (A) gal-PAS and (B) glc-
PAS 10-mer structures performed in explicit water. Color bars indicate simulation time 
from 0 to 20ns. Results are shown for the dihedral angles of the non-capping residues. 
Similar scatter plots were obtained for 12-mer and 14-mer glc- and gal- PAS structures.  
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Figure 3.3. The scatter plot of Φ and Ψ dihedral angles for the last 20ns of the 200ns 
MD simulation results of glucose-PAS and galactose-PAS 12-mer (A and B) and 14-mer 
(C and D) samples. The simulations were performed in water. The color bars indicate the 
time course for the simulation from 0 to 20ns. Results are shown for the dihedral angles 
of the non-capping residues. 
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Figure  3.4  Hydrogen-deuterium exchange for both (A.) gal- and (B.) gal-PAS 10-mer 
samples was observed at the hydrogen amides after 4 minutes as monitored by 1H-NMR 
(500 MHz in D2O). 
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Figure 3.5  Circular dichroism (CD) characterization of glc-derived PAS and gal-
derived PAS samples using experiment (A) in comparison to calculated CS analysis of 
100ps MD simulation of glc- and gal-PAS 10-mer structures using DichroCal39-42. Both 
spectra depict features indicative of helical conformations in both glc- and gal-PAS 
structures. 
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Figure 3.6  A side-by-side comparison of the helix in (A.) a glc-PAS 10-mer structure 
composed of alpha C1sugars; (B.) a gal-PAS 10-mer structure composed of alpha C1 
sugars; (C.) a crystallized 14-helix beta-peptide of a trans-ACHC structure; and, (D.) a 
glc-PAS 6-mer structure composed of beta C1 sugars. The beta-glucose PAS (D.) was 
constructed using MMFF94s energy minimization in gas phase, which suggests that 
PASs can potentially adopt a 14-helix conformation comparable to that found in (C.) 
trans-ACHC structures. The alpha version of the glc/gal-PAS exhibits a different helicity 
and does not appear to adopt the 14-helix.  
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Figure 3.7  DFT calculations showing the relationship between the (A) φ dihedral angle 
and potential energy for 1-Glc-PAS (solid green) and 1-Gal-PAS (dashed red); and (B) ψ 
dihedral angle and potential energy for 1-Glc (solid green) and 1-Gal (dashed red). 
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Figure 3.8.  Interrelationship between Φ and Ψ dihedral angles as each is varied for 1-
Glc.  The Ψ angle of each relaxed structure is plotted for each constrained Φ angle (blue 
circle). The Φ angle of each relaxed structure is plotted for each constrained Ψ angle 
(orange X). 
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Figure 3.9  The potential energy scan of φ and ψ dihedral angles for (A) 1-Gal and 
(B) 1-Glc in implicit-solvent. The zero potential energy point is taken to be the lowest 
point on the potential energy scan. The color bars on the right side of the contour plot 
show the corresponding value of potential energy measured in kJ/mol. The superimposed 
QM data is noted by the white circles, which refer to the φ angle of the geometry 
optimized structure with constrained ψ angle, and the white triangles refer to the ψ angle 
plotted for geometry-optimized structure with constrained φ angle.  
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Figure 3.10         Potential energy scans of Φ and Ψ dihedral angles for (a) 1-Gal and (b) 
1-Glc model molecules in vacuum. The point of zero potential energy is taken to be the 
lowest point on the potential energy scan. The color bars on the right side of the contour 
plot show the corresponding value of potential energy measured in kJ/mol. The 
superimposed QM data, from Figure S4, is noted by white circles, referring to the Φ 
angle plotted for each relaxed structures with the Ψ angle constrained (orange X from 
Figure S4), and white triangles (blue circles from Figure S4) referring to the Ψ angle 
plotted for each relaxed structures with the Φ angle constrained. 
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Figure 3.11  Generalized pseudo-Ramachandran scatter plots of Φ and Ψ dihedral 
angles for the last 20ns of the 200ns MD simulation results of (A.) galactose-PAS and 
(B.) glucose-PAS 10-mer strictures at 323K. The color bars indicate the time course for 
the simulation from 0 to 20ns. Results are shown for the dihedral angles of the non-
capping residues. 
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Figure 3.12  1H,13C-HSQC NMR spectra overlay of glc-PAS (green) and gal-PAS 
(red) 10-mer polymer structures conducted in D2O. 
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Figure 3.13   1H,1H-NOESY spectra of the H3, H4/5, and H6 protons of (A) gal-PAS 
(red) and (B) glc-PAS (green) conducted in D2O at a mixing time of 100ms. 
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Figure 3.14    1H,1H-NOESY spectra was conducted for (A.) gal-PAS and (B.) glc-PAS 
10-mer samples at a mixing time of 100ms (500MHz; D2O). The intensity of the NOE 
signal correlating to proton pairs along the sugar ring (Table 2) was plotted in relation to 
the calculated proton distances (Å) from MD simulations. NOE constraints were 
conservatively classified in two classes, strong and weak, with relative assigned distance 
of around >3.0 Å and <3.0 Å employed for these NOE cross-peaks, respectively.3,4 The 
classified NOE signals with their respective proton distances correlated well to the 
measured distances from the simulation, as noted in Table 2. Protons distances and NOE 
signal was not noted for H3-H6 and H5-H6 for gal-PAS and for H2-H5 and H4-H5 for gal-
PAS due to overlapping NOE peaks of H5 and H6 in the gal-PAS spectra and of H4 and H5 
in the glc-PAS spectra. 
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Figure 3.15  RDF calculations of water molecules to oxygen atoms from the -OH sites 
located at the (A) C3, (B) C4, and (C) C6 positions along the pyranose ring within gal-PAS 
(red) and glc-PAS (green) 10-mer structures. All RDFs for gal-PAS show greater 
distributions than that of glc-PAS. The RDFs were computed based on the averages of all 
residues in the PAS 10-mer structures. 
  
RDF of solvent and 
O3 atom on glc-PAS 
A.  
B.  
C.  
RDF of solvent and 
O3 atom on gal-PAS 
RDF of solvent and 
O4 atom on glc-PAS 
RDF of solvent and 
O4 atom on gal-PAS 
RDF of solvent and 
O6 atom on glc-PAS 
RDF of solvent and 
O6 atom on gal-PAS 
Radius (nm) 
Radius (nm) 
Radius (nm) 
R
D
F 
R
D
F 
R
D
F 
0 0.5 1.0 1.5 2.0 
0.5 1.0 1.5 2.0 0 
0 0.5 1.0 1.5 2.0 
0.2 
0.4 
0.6 
0.8 
1.0 
1.2 
0.2 
0.4 
0.6 
0.8 
1.0 
1.2 
0.2 
0.4 
0.6 
0.8 
1.0 
1.2 
	   	  
	  
107	  
 
 
 
  
 
 
 
 
 
Figure 3.16       RFD calculations of water molecules in the neighborhood of the nitrogen 
atom within the amide linkage for glc-PAS (green) and gal-PAS (red) 10-mer structures. 
Comparisons of the RDF profiles reveal that water molecules have a higher probably of 
proximate, hydrogen bonding interaction with hydrophilic sites within the amide linkage 
of gal-PAS structures. 
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Figure 3.17        The distribution of the end-to-end distances for glc-PAS (green) and gal-
PAS (red) (A) 10-mer, (B) 12-mer, and (C) 14-mer structures based on the last 100ns of 
the 200ns MD trajectory. The end-to-end distance is defined as the distance between the 
C atoms on the two capping residues on the first repeat unit and the end repeat unit. 
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Figure 3.18        The distribution of the radius of gyration for glc-PAS (green) and gal-
PAS (red) (A) 10-mer, (B) 12-mer, and (C) 14-mer structures based on the last 100ns of 
the 200ns MD trajectory. The end-to-end distance is defined as the distance between the 
C atoms on the two capping residues on the first repeat unit and the end repeat unit. 
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CHAPTER 4. Quantitative characterization of poly-amido-saccharide structures 
using small molecules  	  
4.1 Introduction 
Structural analyses of macromolecules and polymers at atomic resolution offer 
fundamental insights into their chemical properties, dynamics, and functions. X-ray 
crystallography is commonly used for these investigations, particularly for proteins, 
lipids, and other biomacromolecules, due to the extensive amount of accessible 
quantitative information that are obtained with this technique.134 Yet, downfalls 
associated with X-ray crystallography involve preparing highly crystalline samples, in 
addition to screening and identifying proper conditions to grow crystals suitable for 
diffraction. 
As an alternative strategy, nuclear magnetic resonance (NMR) spectroscopy is 
used to characterize macromolecular structures and dynamics in high resolution and is 
compatible for samples that are challenging to crystallize or may contain minor 
inhomogeneities. NMR and X-ray crystallography are similar as both techniques analyze 
the spatial distribution of atoms within a structure.135-137 In contrast to X-ray 
crystallography, 2D-NMR spectroscopy allows for real-time experiments to study 
structure-function relationships, which can be advantageous to understand dynamics 
within different parts of a macromolecule with varying degrees of flexibility.138-139 
Samples can be analyzed either in solution or solid-phase and intra- or inter-molecular 
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interactions within the structure or nearby solvent molecules can be investigated as 
well.140  
Homo- and heteronuclear 2D-NMR protocols have been developed and to study a 
variety of different macromolecular structures, including proteins141 and RNA142. 
Homonuclear 1H-1H-NOESY NMR experiments are particularly advantageous for these 
analyses since NOE cross peaks correlate to proton pairs that are in close spatial 
proximity of each other.143 Since there is an r-6 distance dependence upon the mixing time 
of corresponding NOE cross peaks, quantitative information and distances can be 
obtained. 143-144 
Recently, glc- and gal-PAS structures were characterized using molecular 
dynamics (MD) simulations and 2D-NMR 1H,1H-NOESY spectroscopy, which identified 
key structural features to be responsible for distinct differences in chemical properties 
(i.e. water solubility).30 Since PAS samples possessed limited crystallinity and cannot be 
crystallized for diffraction, other attempts were sought to study their structures through 
experimental means. X-ray scattering experiments, such as WAXS and SAXS, were 
attempted but led to inconclusive results, since higher resolution purification techniques 
were needed in order to analyze minor structural differences within PAS samples.  
Given the advantages of 1H,1H-NOESY NMR spectroscopy, we optimized a 
method that allows for high-resolution, quantitative analysis of PAS structures by 
conjugating rigid, aromatic small molecules onto the polymer end. Here, tyrosine (TYR) 
and 2,3-naphthalimide (NAPH) are presented as internal standards for quantitative 2D 
NOESY NMR studies (Figure 4.1). The tyrosine crystal structure in these studies was 
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reported by Bryndal et al. (2006)145, whereas NAPH crystals were grown and analyzed 
using XRD. Proton distances from the aromatic regions of NAPH and TYR served as 
references to measure unknown distances within glc-PAS 10-mer structures. Specifically, 
we report the: (1) crystal structure of NAPH as obtained via XRD; (2) conjugation of 
TYR and NAPH onto glc-PAS samples; (3) comparison of proton distances measured by 
MD simulations and 2D NMR spectroscopy; and, finally (4) extension of this application 
to investigate poly-L-proline structures. This application will be advantageous to 
quantitatively study complex macromolecular structures (i.e. proteins, carbohydrates, and 
polymers), and samples with limited crystallinity in high-resolution.  
 
4.2  Small molecule criteria for quantitative NOESY NMR  
The small molecules for this investigation were selected based on the following 
criteria. (1) For the distance between protons to serve as a reliable internal standard, the 
protons must be from rigid, aromatic regions of the small molecule to limit fluctuations 
and movement in solution.146-147 (2) The distance between two protons must be 
determined by a measurement- for example- obtained from an X-ray crystal structure. (3) 
The reference protons must not interfere or overlap with protons of interest in the 
macromolecule. (4) Finally, the internal standard must be covalently conjugated to the 
macromolecule of interest and also be low in MW in order to minimize differences in 
tumbling rates during NOESY experiments.148 High MW macromolecules may contain 
mixtures of ordered and disordered regions which can result in varied tumbling rates and 
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bond movements in solution. In return, this will affect the intensity buildup rate of the 
substrate, which is proportional to the size and rigidity of the substrate.149 
 
4.3 2,3-naphthalimide and tyrosine crystal structures 
To facilitate crystal growth for NAPH, a pentafluorophenol ester (PFP) coupling 
was performed on 2,3-naphthalenedicarboxylic anhydride to synthesize NAPH-PFP 
(Scheme 4.1). After purification via column chromatography, the sample was dissolved 
in a saturated solution of 1:1 diethyl ether and cyclohexanes at room temperature for 7 
days undisturbed, which promoted the growth of long, rod-shaped crystals suitable for X-
ray diffraction (done by Anant Balijepalli). Attempts to crystalize NAPH prior to PFP 
conjugation were made, which did not result in crystal growth even after exploring many 
conditions. We reasoned that the highly electronegative aromatic PFP functional groups 
led to stabilized intra-molecular pi-pi stacking between neighboring molecules.150-151 In 
return, this was the driving force for crystal packing between NAPH-PFP molecules. 
Crystal structures of L-tyrosine145 (TYR) and NAPH-PFP are depicted in Figure 4.2 with 
corresponding aromatic protons labeled A-C in red. The experiment parameters and 
crystallography analysis for the NAPH-PFP are found in Tables 4.1 and 4.2. Proton 
distances within the aromatic regions of each internal standard were measured using the 
Avogadro software (Table 4.3), which were used as internal references for measuring 
unknown proton distances within glc-PAS 10-mer structures. Tyrosine is a commonly 
used internal standard in quantitative 1H,1H-NOESY 2D NMR spectroscopy experiments 
in which its proton pair (TYRA-B) corresponds to a distance of 2.5 Å. The NAPH small 
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molecules show three proton pairs, NAPHA-B, NAPHB-C, and NAPHA-C, that can be 
detected in NOESY NMR spectra which correlates to proton distances of 2.5, 2.3, and 4.7 
Å, respectively. 
 
4.4  NOE build-up curves  
NOE buildup curves were constructed to characterize the rate and development of 
the NOE signal for NAPH and TYR to avoid spin diffusion, which is critical for 
quantitative analyses of macromolecules.144, 152 Greater proton distances (> 2.5 Å) require 
longer mixing times to develop NOE cross peaks, which is common for high MW 
macromolecules ( >1200 g/mol).153-154 Consequently, this increases risks for spin diffusion 
for cross peaks correlating to shorter proton distances (< 2.5 Å), resulting in unreliable 
measurements. To mitigate these challenges, ROESY NMR experiments can be 
performed which takes account longitudinal cross-relaxation for molecules with 
intermediate correlation times, making them less sensitive to spin diffusion for larger 
macromolecules with MW > 700.153-154 However with these experimental adjustments, the 
quantitative interpretation within ROESY spectra is scarified due to potential interference 
from the homonuclear Hartmann-Hahn matching transfer of magnetization.155-156 Hence, 
NOESY is preferred for quantitative investigations of macromolecular structures.  
To investigate the spin diffusion and build-up cross peak rate between aromatic 
protons within the TYR and NAPH internal standards, the relative peak intensity was 
plotted against mixing time to identify the point of curve decay due to direct relaxation. 
As seen in Figure 4.3, the buildup delay (blue slope) ranged from mixing times of 50-
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200 ms, indicating proton distances can be measured using the TYRA-B reference under 
these conditions. This restricts the reliability of TYRA-B for assessing greater proton 
distances of around 5.0 Å since longer mixing times are required which will present 
challenges to calculate proton distances and interpret potential errors.  
The NAPHA-B, NAPHB-C, and NAPHA-C build up curves were shown in black 
(Figure 4.3). Interestingly, the NAPHA-B build-up curve demonstrated a delay within a 
narrower mixing time range of 50-100 ms despite having the same proton distance of 2.5 
Å as TYRA-B. On the other hand, the NAPHB-C build-up curve (distance of 2.3 Å) 
reflected more comparably to that of TYRA-B, exhibiting a parallel build-up delay within 
the mixing times of 50-200 ms. Despite NAPHA-B and NAPHB-C having similar distances 
of 2.5 and 2.3 Å, respectively, we suspect the positioning of the protons within the 
aromatic regions to be accountable for the different build up curves. Both protons within 
NAPHB-C are situated within the same aromatic ring, which are separated by a C-C bond, 
whereas protons within NAPHA-B are positioned between two neighboring aromatic 
regions, which are separated by a C-C-C bond. Ongoing investigation is currently 
underway to explain these different obervations.  
As the crystal structure showed the NAPHA-C proton distance to be 4.7 Å, longer 
mixing times of 200-600 ms were required for cross-peak development since mixing 
times less than 200 ms were insufficient for this analysis. Here, the build-up delay was 
within the mixing times of 200-400 ms. Thus, we hypothesize that this reference may be 
applicable for analyzing weak NOE signals that require longer mixing times for cross 
peak development correlating to protons distances around 4.7 Å. If so, we hypothesize 
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this strategy will reduce spin diffusion interference within data interpretation and 
calculations for large macromolecules, which cannot be prevented when using TYRA-B 
standard or internal references with short proton distances of around 2.5 Å. 
  
4.5  Glc-PAS synthesis, characterization, and small molecule conjugation 
Glc-PAS 10-mer samples were synthesized and characterized as previously 
reported.27, 30 In summary, the cycloaddition of tri-O-benzyl-D-glucal was conducted with 
chlorosulfonyl isocyante to generate the β-lactam monomer. Anionic ring opening 
polymerization of the monomer using a 10 mol% loading ratio of the initiator, a 
pentafluorophenol ester conjugated Z-9-amino-hexanoic acid, afforded PAS samples (DP 
= 10) with a benzyloxy-protected primary amine to be used for small molecule 
functionalization. After debenzylation using sodium metal and liquid ammonia at -78°C, 
the final product was purified with dialysis and isolated as a fluffy white powder after 
lyophilization. Polymers were characterized via GPC, NMR, and IR as according to 
previously published procedures.28, 30 
To prepare glc-PAS samples for quantitative NOESY experiments, TYR and 
NAPH were covalently conjugated to the free amine terminus of the glc-PAS, as 
introduced via the initiator. Prior to conjugation, 2,3-naphthalenedicarboxylic was 
modified with an N-hydroxysuccinimide (NHS) ester to generate NAPH-NHS using 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloric acid (EDCl•HCl) as the 
coupling reagent (Scheme 4.2). Following modification, NAPH-NHS and a 
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commercially available NHS-active TYR were reacted with glc-PAS. Successful 
conjugations were confirmed via proton NMR (Figures 4.4 and 4.5). 
 
4.6 1H,1H-NOESY NMR spectroscopy for glcPAS-TYR 
4.6.1 Relationship between NOE intensity and proton distance  
1H,1H-NOESY NMR spectroscopy shows the spatial orientations and distances 
between observed proton pairs within a particular structure.157 Neighboring protons in 
close proximity result in strong NOE signals and cross peaks, and can be observed with 
short mixing times, whereas more distant pairs correlate to weaker NOE signals, which 
typically require longer mixing times for cross-peak development. Thus, NOE intensities 
can be qualitatively correlated to proton distances of < 2.7 Å for strong signals; 2.7 < x < 
5.0 Å for medium signals; and,  > 5.0 Å for weak signals,129-130 which we have done 
accordingly in our previous reported analysis of glc- and gal-PAS 10-mer structures 
(Chin et al. 2016).30 To further this investigation and gather quantitative results of glc-
PAS structures, 1H,1H-NOESY experiments were conducted for glcPAS-TYR and 
glcPAS-NAPH samples at mixing times ranging from 50-200 ms in D2O (see Figures 4.6 
– 4.11 for corresponding spectra). As the mixing time and the cross-peak volume are 
proportionally correlated to the through-space of inter-distance between protons, 
unknown proton distances can be calculated using the following equation157: 
!!"!"#"$%"!!"!"#"!"$%" =   !"#$%&'(!"#"!"$%"!"#$%&'(!"#"$%" !.       (1) 
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4.6.2 NOESY experiment comparison to MD simulations with TYR 
Since the NOE intensity correlates to 1/(distance6) between two protons, average 
distances between proton pairs throughout the glcPAS pyranose rings (Figure 4.12) were 
calculated against the TYRA-B (2.5 Å) internal standard. These proton measurements were 
validated against those obtained from modeled ensembles of glcPAS 10-mer structures 
using molecular dynamics (MD) simulations with the GROMACS package and a 
combined CHARMM36 lipid and carbohydrate force fields.30 Both sets of analyses were 
plotted in Figure 4.12. The averaged proton distances from the MD simulations were in 
agreement with those obtained from NOESY studies when proton distances were 
calculated against TYRA-B at 100 ms mixing time. Both sets of results were comparable 
and similar correlations were found in which shorter proton distances correlated to 
stronger NOE signals whereas greater distances correlated with weak NOE signals. When 
comparing calculated results from NOESY experiments conducted at 50 and 200 ms, the 
resulting distances deviated beyond those obtained from the computational modeling. At 
greater proton distances, several TYR cross peaks were undetectable in the NOESY 
spectrum when conducted at 50 ms. We reasoned the 50 ms mixing time was insufficient 
for NOE cross peaks to develop at this rate. Nevertheless, spin diffusion occurred at 
longer mixing times greater than 200 ms, as seen in the build up curve in Figure 4.3, 
which interfered with our data interpretation and analyses. 
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4.6.3 NOESY experiment comparison to MD simulations with NAPH 
NOESY studies were repeated with glcPAS-NAPH samples under similar 
conditions. NAPHA-B, NAPHB-C, and NAPHA-C, with proton distances of 2.5, 2.1, and 4.7 
Å, respectively, were independently used as references to calculate distances between 
aromatic proton pairs within glc-PAS. These measurements were plotted in Figure 4.13; 
top) along with values obtained from the glcPAS-TYR NOSEY experiments and the MD 
simulations for comparison.30, 144 When conducting NOESY experiments at a mixing time 
of 100 ms, calculated measurements with the glc-PAS NAPHB-C reference resulted in 
comparable values to that of the TYRA-B reference and those obtained from MD 
simulations. However these measurements deviated when using the NAPHA-B and 
NAPHA-C references. As both NAPHB-C and TYRA-B had similar build-up curves, we 
expected comparable results when performing NOESY experiments with mixing times of 
50-200 ms. Since the NAPHA-B reference build-up curve depicted a narrower range of 
suitable mixing times (50-100 ms), this reflected in our calculated measurements. 50 ms 
was insufficient for cross peak development between neighboring protons, particularity at 
greater distances, thus resulting in weak NOE signals. Similarly, 100 ms was insufficient 
the cross peak to develop between NAPHA-C as this distance of 4.7 Å and required longer 
mixing times. When NOESY experiments were conducted at mixing times of 50 and 200 
ms, proton measurements using the NAPHA-B or NAPHA-B references (Figure 4.13; 
bottom) were also evaluated which resulted in deviated measurements from the MD 
simulations. These findings identified the NAPHB-C to be a reliable reference for 
analyzing the glc-PAS 10-mer for NOESY experiments with mixing times of 100 ms. 
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4.7 Preliminary studies with poly-L-proline (PLP) 
To understand whether the TYR and NAPH internal standards can be used to 
investigate other polymer structure, we recently expanded our study to analyze a poly-L-
proline (PLP) (DP = 10) structure. Similarly as the PAS, PLP is a rigid structure with a 
helical secondary structure that is not stabilized by hydrogen bonding.158-159 This helix is 
found in several proton secondary structures (i.e. collagen)160 where its been shown to 
contribute to protein stability.158, 161 The PLP structure is also found in binding sites, 
signal transduction pathway, and protein complex assemblies.159 The PLP structure can 
adopt two different helical conformations- I and II. The poly-proline II helix is most 
commonly found in proteins in which the proline sequences adopt a left-handed helical 
backbone with dihedral angles (Φ,Ψ) of about (-75°, 150°). In contrast, the poly-proline I 
helix is composed of a more compact right-handed helical structure with dihedral angles 
(Φ,Ψ) of about (-75°, 160°). 
The PLP sample was synthesized (GenScript) with a C-terminal lysine to 
introduce a free amine for small molecule conjugation (Scheme 4.2) (Figure 4.15). The 
reactions to attach TYR and NAPH were conducted under a similar manner and verified 
by proton NMR. This work is currently ongoing and the NOESY NMR experiments will 
be conducted from 50-600 ms.  	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4.8 Conclusion 
The application of two small molecules internal standards, TYR and NAPH, was 
discussed for quantitative NOSEY NMR analysis. The crystal structure of NAPH was 
reported and compared to that of the TYR.  Both small molecules were modified with an 
NHS ester prior to conjugation to glc- PAS 10-mer samples. Build-up curve comparison 
for cross-peak development of protons within the aromatic regions of NAPH and TYR 
identified the appropriate conditions to conduct NOE experiments in order to obtain 
reliable measurements of unknown proton distances within the glc-PAS sample.  To 
ensure the validity of the calculated measurement from NOESY experiments conducted 
with 100 ms mixing time, results were compared to those obtained from MD simulations, 
which were in good agreement of each other.  
There is a current need for more developments and optimized techniques that 
allow for structural investigations of macromolecules and polymers using experimental 
quantitative approaches, which will offer access to high-resolution data and further 
insights into structure-function relationships. Ongoing work includes investigation of a 
third small molecule internal standard, benzofuran-2-carboxylic acid (BF), which 
contains 6 different proton distances as noted via X-ray crystallography (Anant 
Balijepalli) (Figure 4.14). In parallel of these studies, we will expand this technique to 
analyze other macromolecular and polymer structures, such as a short RNA sequence, 
while completing our investigations with poly(L-proline) (DP = 10). 
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4.9 Materials and Methods 
General methods, materials, and instrumentation  
All chemicals were purchased from Sigma-Aldrich, Alfa-Aesar, or Acros 
Organics and were immediately used as received unless otherwise noted. 3,4,6-tri-O-
benzyl-D-glucal was purchased from Carbosynth, LLC (San Diego, California). Solvents 
used for the polymerization reactions were dried and freshly distilled prior to use. 
Reactions were carried out using standard techniques. 1H-NMR and 2D-NOESY NMR 
experiments were recorded on a Varian 500 MHz spectrometer in D2O. 
 
Glucose and galactose β-lactam monomer synthesis and polymerization  
The glucose β-lactam monomer was synthesized following a previously published 
procedure.27, 30 All PAS polymerizations were conducted following previously reported 
procedures.27-28, 30 Detailed descriptions on the monomer and polymerization can be 
found under Chapter 2.8 “Materials and Methods.” All compounds had 1H-NMR spectra 
matched to that reported in the literature.27, 30 
 
Small molecule synthesis and conjugation onto PAS 
NAPH-PFP 
To 2,3,-napthalenediacarboxylic acid, 1.1x mol% of pentafluorophenol ester 
(PFP) was added in anhydrous DCM with 1.1X mol% of EDC and NHS for the coupling 
reaction. 0.1 eq. of DMAP was added in which the reaction stirred at 25°C for 24 hours. 
TLC with 1:1 diethyl ether and cyclohexanes was used to confirm the completion of the 
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reaction. The final product was purified via column chromatography with 1:1 diethyl 
ether and cyclohexanes. The final product was confirmed via proton NMR. 
NAPH-NHS 
2,3-napthalenediacarboxylic acid (861 mg, 9.17 mmol) was dissolved in 4 mL of 
anhydrous DMF under N2 (g). To the reaction, NHS (748 mg, 6.5 mmol) and EDCIHCl 
(1.25 g, 6.5 mmol) were added. The reaction stirred overnight (16 hours) at 25°C. Diethyl 
ether (25 mL) was added to the reaction and the solutionwashed with 1 M HCl, 
saturdated NaHCO3, and brine. The solvent was removed via rotary evaporation and a 
white powdered solid was isolated. The final product was confirmed via proton NMR. 
PAS-NAPH Conjugation 
 To conjugate NAPH to glc-PAS, 10 mg of glc-PAS and 100 mg of NAPH-NHS 
was dissolved in 4 mL of anhydrous DMF with 2 drops of TEA. The solution stirred 
gently for 2 hours at 25°C. The DMF was removed via dialysis against distilled water for 
4 days using 1kDa MWCO membrane. The water was removed via lyophilization. The 
final product was confirmed via proton NMR. 
 
X-ray crystallography and crystal growth of 2,3-naphthalimide (NAPH-PFP) 
Crystal Growth  
A saturated solution of 1:1 diethyl ether and cyclohexanes was prepared in which 
purified sample of the NAPH-PFP was dissolved in. The solution incubated at room 
temperature for 7 days, which promoted the growth of long, rod-shaped crystals. 
X-ray crystallography computing details 
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 Crystallography data was collected on a Bruker AXS Proteum-R instrument with 
a Platinum135 CCD area detector for single crystal diffraction. SHELXL2014 (Sheldrick, 
2014) was the software program used to refine the crystallography structure. For the 
geometry, all estimated standard deviations (esds) (except the esd in the dihedral angle 
between two l.s. planes) were estimated using the full covariance matrix.  The cell esds 
were taken into account individually in the estimation of esds in distances, angles and 
torsion angles; correlations between esds in cell parameters were only used when they 
were defined by crystal symmetry.  An approximate (isotropic) treatment of cell esds was 
used for estimating esds involving l.s. planes. Refinement was conducted under a 2-
component inversion twin. 
  
	   	  
	  
125	  
Table 4.1  Crystal data, data collection, and refinement information for NAPH-Pfp 	  
Crystal data 
 C24H16F5NO4 F(000) = 488 
Mr = 477.38 Dx = 1.546 Mg m-3 
Monoclinic, P21 Cu Ka radiation, l = 1.54178 Å 
a = 4.7632 (1) Å Cell parameters from 9124 reflections 
b = 36.6053 (11) Å q = 7.3–66.5° 
c = 5.8954 (2) Å m = 1.18 mm-1 
b = 94.195 (1)° T = 100 K 
V = 1025.16 (5)  Å3 Bar, colorless 
Z = 2 0.36 × 0.09 × 0.09 mm 
 
Data collection 
 Bruker Proteum-R  diffractometer 3563 independent reflections 
Radiation source: rotating anode 3561 reflections with I > 2s(I) 
Montel monochromator Rint = 0.038 
w and f scans qmax = 66.6°, qmin = 7.3° 
Absorption correction: multi-scan  SADABS (Sheldrick, 2015) h = -5®5 
Tmin = 0.766, Tmax = 0.864 k = -42®43 
36961 measured reflections l = -6®6 
 
Refinement 
 Refinement on F2 Hydrogen site location: inferred from neighbouring sites 
Least-squares matrix: full H-atom parameters constrained 
R[F2 > 2s(F2)] = 0.023  w = 1/[s2(Fo2) + (0.030P)2 + 0.213P]   where P = (Fo2 + 2Fc2)/3 
wR(F2) = 0.058 (D/s)max = 0.001 
S = 1.08 Dñmax = 0.14 e Å-3 
3563 reflections Dñmin = -0.14 e Å-3 
308 parameters Absolute structure:  Refined as an inversion twin. 
1 restraint Absolute structure parameter: 0.06 (10) 
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Table 4.2  X-ray crystallography data of the fractional atomic coordinates and 
isotropic or equivalent isotropic displacement parameters (Å2), atomic displacement 
parameters (Å2), and geometric parameters (Å, º) for NAPH-Pfp 
 
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å2)   
 x y z Uiso*/Ueq 
F1 1.0650 (3) 0.63900 (3) -0.3496 (2) 0.0295 (3) 
F2 0.7929 (3) 0.70106 (3) -0.4856 (2) 0.0314 (3) 
F5 0.5491 (3) 0.63540 (4) 0.3019 (2) 0.0314 (3) 
F4 0.2731 (3) 0.69728 (4) 0.1632 (2) 0.0346 (3) 
F3 0.3888 (3) 0.72925 (3) -0.2367 (2) 0.0347 (3) 
O4 1.1330 (3) 0.39231 (4) 0.4398 (2) 0.0228 (3) 
O3 0.8362 (3) 0.44977 (4) 1.0684 (2) 0.0214 (3) 
O1 0.9653 (3) 0.60628 (4) 0.0575 (3) 0.0273 (3) 
O2 0.6002 (4) 0.57083 (4) -0.0595 (3) 0.0378 (4) 
N1 1.0303 (3) 0.42771 (4) 0.7469 (3) 0.0157 (3) 
C14 0.7119 (4) 0.39001 (5) 0.9058 (3) 0.0145 (4) 
C24 1.0044 (4) 0.39694 (5) 0.6069 (3) 0.0154 (4) 
C1 0.8703 (4) 0.65308 (5) -0.2211 (3) 0.0201 (4) 
C18 0.1069 (4) 0.28791 (5) 1.0382 (3) 0.0214 (4) 
H18 -0.0234 0.2761 1.1283 0.026* 
C15 0.5254 (4) 0.37410 (5) 1.0397 (3) 0.0156 (4) 
H15 0.4715 0.3859 1.1734 0.019* 
C23 0.7967 (4) 0.37271 (5) 0.7077 (3) 0.0145 (4) 
C19 0.1843 (4) 0.27129 (5) 0.8364 (4) 0.0218 (4) 
H19 0.1040 0.2485 0.7902 0.026* 
C22 0.6924 (4) 0.33967 (5) 0.6370 (3) 0.0156 (4) 
H22 0.7502 0.3286 0.5022 0.019* 
C17 0.2188 (4) 0.32110 (5) 1.1053 (3) 0.0192 (4) 
H17 0.1654 0.3320 1.2418 0.023* 
C16 0.4129 (4) 0.33917 (5) 0.9733 (3) 0.0154 (4) 
C7 0.8283 (4) 0.57294 (5) 0.0366 (3) 0.0208 (4) 
C2 0.7318 (4) 0.68459 (6) -0.2915 (3) 0.0217 (4) 
C10 1.2538 (4) 0.51961 (5) 0.5137 (3) 0.0204 (4) 
H10A 1.3929 0.5095 0.4138 0.025* 
H10B 1.3582 0.5283 0.6549 0.025* 
C21 0.4950 (4) 0.32209 (5) 0.7697 (3) 0.0153 (4) 
C5 0.6084 (4) 0.65140 (5) 0.1071 (3) 0.0209 (4) 
C6 0.8126 (4) 0.63622 (5) -0.0203 (4) 0.0208 (4) 
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C13 0.8576 (4) 0.42588 (5) 0.9286 (3) 0.0150 (4) 
C20 0.3746 (4) 0.28782 (5) 0.7066 (3) 0.0193 (4) 
H20 0.4267 0.2761 0.5720 0.023* 
C12 1.2123 (4) 0.45861 (5) 0.7037 (3) 0.0178 (4) 
H12A 1.3683 0.4501 0.6147 0.021* 
H12B 1.2954 0.4683 0.8504 0.021* 
C3 0.5295 (4) 0.69933 (6) -0.1634 (4) 0.0230 (4) 
C11 1.0536 (4) 0.48919 (5) 0.5740 (3) 0.0172 (4) 
H11A 0.9085 0.4993 0.6684 0.021* 
H11B 0.9572 0.4792 0.4329 0.021* 
C9 1.1063 (5) 0.55211 (5) 0.3945 (3) 0.0219 (4) 
H9A 1.2388 0.5729 0.3944 0.026* 
H9B 0.9447 0.5596 0.4803 0.026* 
C4 0.4687 (4) 0.68273 (6) 0.0373 (4) 0.0235 (4) 
C8 1.0009 (5) 0.54315 (5) 0.1485 (3) 0.0222 (4) 
H8A 1.1650 0.5384 0.0590 0.027* 
H8B 0.8867 0.5205 0.1477 0.027* 
 
Atomic displacement parameters (Å2)   
 U11 U22 U33 U12 U13 U23 
F1 0.0279 (6) 0.0287 (7) 0.0327 (7) 0.0003 (5) 0.0076 (5) -0.0068 (5) 
F2 0.0449 (8) 0.0282 (7) 0.0206 (6) -0.0082 (6) -0.0002 (5) 0.0071 (5) 
F5 0.0378 (7) 0.0363 (7) 0.0200 (6) -0.0144 (6) 0.0019 (5) 0.0044 (5) 
F4 0.0267 (6) 0.0395 (7) 0.0385 (8) 0.0019 (5) 0.0083 (5) -0.0145 (6) 
F3 0.0364 (7) 0.0217 (6) 0.0439 (8) 0.0080 (5) -0.0108 (6) 0.0013 (6) 
O4 0.0241 (7) 0.0223 (7) 0.0233 (7) 0.0025 (6) 0.0116 (6) 0.0001 (6) 
O3 0.0281 (7) 0.0185 (7) 0.0173 (7) -0.0012 (6) 0.0010 (6) -0.0046 (5) 
O1 0.0260 (7) 0.0146 (7) 0.0396 (9) -0.0034 (6) -0.0098 (6) 0.0055 (6) 
O2 0.0380 (9) 0.0240 (8) 0.0481 (10) -0.0067 (7) -0.0200 (8) -0.0002 (7) 
N1 0.0157 (7) 0.0142 (8) 0.0174 (7) -0.0010 (6) 0.0022 (6) 0.0014 (7) 
C14 0.0149 (8) 0.0149 (9) 0.0136 (8) 0.0024 (7) -0.0003 (6) -0.0002 (7) 
C24 0.0148 (8) 0.0157 (9) 0.0159 (8) 0.0047 (7) 0.0022 (7) 0.0017 (7) 
C1 0.0184 (9) 0.0187 (10) 0.0230 (10) -0.0028 (7) 0.0008 (8) -0.0047 (8) 
C18 0.0194 (9) 0.0205 (10) 0.0246 (10) -0.0009 (8) 0.0040 (8) 0.0066 (8) 
C15 0.0167 (9) 0.0169 (9) 0.0132 (9) 0.0017 (7) 0.0007 (7) -0.0016 (7) 
C23 0.0140 (8) 0.0166 (9) 0.0130 (9) 0.0035 (7) 0.0008 (7) 0.0011 (7) 
C19 0.0224 (10) 0.0161 (10) 0.0265 (11) -0.0017 (8) -0.0016 (8) 0.0016 (8) 
C22 0.0179 (9) 0.0161 (9) 0.0130 (8) 0.0029 (7) 0.0032 (7) -0.0012 (7) 
C17 0.0186 (9) 0.0223 (10) 0.0171 (9) 0.0031 (8) 0.0032 (7) 0.0013 (8) 
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C16 0.0140 (8) 0.0166 (9) 0.0154 (9) 0.0040 (7) 0.0004 (7) 0.0016 (7) 
C7 0.0275 (11) 0.0177 (10) 0.0170 (9) -0.0044 (8) 0.0008 (8) -0.0024 (7) 
C2 0.0281 (10) 0.0198 (10) 0.0164 (10) -0.0052 (8) -0.0026 (8) 0.0021 (8) 
C10 0.0213 (10) 0.0189 (10) 0.0206 (10) -0.0037 (7) -0.0020 (7) 0.0021 (8) 
C21 0.0146 (8) 0.0160 (9) 0.0150 (9) 0.0042 (7) -0.0009 (7) 0.0011 (7) 
C5 0.0229 (10) 0.0230 (10) 0.0162 (9) -0.0085 (8) -0.0016 (8) 0.0003 (8) 
C6 0.0203 (10) 0.0169 (10) 0.0240 (11) -0.0028 (8) -0.0063 (8) 0.0013 (8) 
C13 0.0152 (8) 0.0170 (9) 0.0126 (8) 0.0025 (7) -0.0002 (6) 0.0011 (8) 
C20 0.0216 (9) 0.0170 (10) 0.0188 (9) 0.0022 (7) -0.0014 (7) -0.0011 (7) 
C12 0.0154 (9) 0.0160 (9) 0.0220 (10) -0.0016 (7) 0.0003 (7) 0.0026 (7) 
C3 0.0237 (10) 0.0169 (10) 0.0271 (11) 0.0027 (8) -0.0075 (8) -0.0017 (8) 
C11 0.0176 (9) 0.0161 (9) 0.0177 (9) -0.0018 (7) -0.0009 (7) 0.0011 (7) 
C9 0.0301 (10) 0.0151 (9) 0.0199 (10) -0.0039 (8) -0.0016 (8) 0.0000 (8) 
C4 0.0191 (9) 0.0261 (11) 0.0252 (11) -0.0028 (8) 0.0004 (8) -0.0080 (8) 
C8 0.0307 (10) 0.0146 (9) 0.0209 (10) -0.0014 (8) -0.0013 (8) 0.0001 (7) 
 
Geometric parameters (Å, º)   
F1—C1 1.342 (2) C22—C21 1.420 (3) 
F2—C2 1.344 (2) C22—H22 0.9500 
F5—C5 1.338 (2) C17—C16 1.416 (3) 
F4—C4 1.343 (3) C17—H17 0.9500 
F3—C3 1.339 (2) C16—C21 1.433 (3) 
O4—C24 1.209 (2) C7—C8 1.490 (3) 
O3—C13 1.211 (2) C2—C3 1.377 (3) 
O1—C6 1.375 (2) C10—C11 1.525 (3) 
O1—C7 1.385 (2) C10—C9 1.527 (3) 
O2—C7 1.191 (3) C10—H10A 0.9900 
N1—C24 1.397 (2) C10—H10B 0.9900 
N1—C13 1.399 (2) C21—C20 1.418 (3) 
N1—C12 1.459 (2) C5—C4 1.374 (3) 
C14—C15 1.362 (3) C5—C6 1.387 (3) 
C14—C23 1.413 (3) C20—H20 0.9500 
C14—C13 1.486 (3) C12—C11 1.525 (2) 
C24—C23 1.485 (3) C12—H12A 0.9900 
C1—C2 1.378 (3) C12—H12B 0.9900 
C1—C6 1.380 (3) C3—C4 1.379 (3) 
C18—C17 1.373 (3) C11—H11A 0.9900 
C18—C19 1.409 (3) C11—H11B 0.9900 
C18—H18 0.9500 C9—C8 1.535 (3) 
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C15—C16 1.430 (3) C9—H9A 0.9900 
C15—H15 0.9500 C9—H9B 0.9900 
C23—C22 1.361 (3) C8—H8A 0.9900 
C19—C20 1.370 (3) C8—H8B 0.9900 
C19—H19 0.9500   
C6—O1—C7 115.99 (15) C20—C21—C22 121.85 (17) 
C24—N1—C13 112.47 (15) C20—C21—C16 118.43 (17) 
C24—N1—C12 123.37 (15) C22—C21—C16 119.72 (17) 
C13—N1—C12 124.15 (16) F5—C5—C4 119.65 (19) 
C15—C14—C23 121.70 (18) F5—C5—C6 119.31 (18) 
C15—C14—C13 130.18 (16) C4—C5—C6 121.03 (18) 
C23—C14—C13 108.12 (15) O1—C6—C1 120.56 (18) 
O4—C24—N1 124.49 (17) O1—C6—C5 120.88 (18) 
O4—C24—C23 129.37 (17) C1—C6—C5 118.46 (18) 
N1—C24—C23 106.14 (15) O3—C13—N1 124.73 (17) 
F1—C1—C2 119.11 (18) O3—C13—C14 129.61 (17) 
F1—C1—C6 120.12 (18) N1—C13—C14 105.65 (14) 
C2—C1—C6 120.77 (19) C19—C20—C21 121.05 (18) 
C17—C18—C19 120.36 (18) C19—C20—H20 119.5 
C17—C18—H18 119.8 C21—C20—H20 119.5 
C19—C18—H18 119.8 N1—C12—C11 112.20 (15) 
C14—C15—C16 118.11 (17) N1—C12—H12A 109.2 
C14—C15—H15 120.9 C11—C12—H12A 109.2 
C16—C15—H15 120.9 N1—C12—H12B 109.2 
C22—C23—C14 122.10 (17) C11—C12—H12B 109.2 
C22—C23—C24 130.32 (17) H12A—C12—H12B 107.9 
C14—C23—C24 107.58 (16) F3—C3—C2 119.8 (2) 
C20—C19—C18 120.39 (18) F3—C3—C4 120.4 (2) 
C20—C19—H19 119.8 C2—C3—C4 119.79 (19) 
C18—C19—H19 119.8 C12—C11—C10 110.94 (15) 
C23—C22—C21 118.38 (17) C12—C11—H11A 109.5 
C23—C22—H22 120.8 C10—C11—H11A 109.5 
C21—C22—H22 120.8 C12—C11—H11B 109.5 
C18—C17—C16 120.70 (18) C10—C11—H11B 109.5 
C18—C17—H17 119.7 H11A—C11—H11B 108.0 
C16—C17—H17 119.7 C10—C9—C8 112.09 (16) 
C17—C16—C15 120.96 (17) C10—C9—H9A 109.2 
C17—C16—C21 119.06 (18) C8—C9—H9A 109.2 
C15—C16—C21 119.98 (16) C10—C9—H9B 109.2 
O2—C7—O1 120.48 (18) C8—C9—H9B 109.2 
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O2—C7—C8 128.15 (19) H9A—C9—H9B 107.9 
O1—C7—C8 111.37 (17) F4—C4—C5 120.4 (2) 
F2—C2—C3 119.64 (18) F4—C4—C3 119.81 (19) 
F2—C2—C1 120.23 (19) C5—C4—C3 119.81 (19) 
C3—C2—C1 120.13 (19) C7—C8—C9 113.17 (17) 
C11—C10—C9 113.68 (16) C7—C8—H8A 108.9 
C11—C10—H10A 108.8 C9—C8—H8A 108.9 
C9—C10—H10A 108.8 C7—C8—H8B 108.9 
C11—C10—H10B 108.8 C9—C8—H8B 108.9 
C9—C10—H10B 108.8 H8A—C8—H8B 107.8 
H10A—C10—H10B 107.7   
 
Document origin: publCIF [Westrip, S. P. (2010). J. Apply. Cryst., 43, 920-925]. 
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Table 4.3  Proton distances within the aromatic regions of TYR, NAPH-PFP, and 
BF-PFP. Protons are as labeled in Figure 4.2 
 
 Proton Distances (Å) 
A-B B-C A-C 
TYR 2.5 - - 
NAPH 2.5 2.3 4.7 
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Figure 4.1. Small molecules to be conjugated to macromolecules in order to obtain 
quantitative structural data via NOESY NMR experiments 
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Figure 4.2 Crystal structures of L-tyrosine, and PFP conjugated 1,4-naphthalene for 2D 
NMR experiments as internal standards. Protons located in the aromatic rings to be used 
as internal references are labeled A-C in red and its respective distances are noted in 
Table 4.1. Key: grey-carbon; red-oxygen; white-hydrogen; dark blue-nitrogen; light blue-
fluorine. 	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Figure 4.3 Build-up curves of protons within the NAPH and TRY internal standards 
according to Figure 4.2. 
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Figure 4.4 1H-NMR spectra of glcPAS-TYR D2O (500 MHz). The TYR peaks are 
noted at 7.00 ppm and 6.70 ppm. 	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Figure 4.5 1H-NMR spectra of glcPAS-NAPH D2O (500 MHz). The NAPH peaks are 
noted at 8.22, 8.04, and 7.71 ppm. 
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Figure 4.6 1H,1H-NOESY NMR spectra of glcPAS-TYR D2O (500 MHz; 50 ms 
mixing time). 
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Figure 4.7 1H,1H-NOESY NMR spectra of glcPAS-TYR D2O (500 MHz; 100 ms 
mixing time). 
 
 
 
 
 
 
 
 
 
 
 
	   	  
	  
139	  
 
 
 
Figure 4.8 1H,1H-NOESY NMR spectra of glcPAS-TYR D2O (500 MHz; 200 ms 
mixing time). 
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Figure 4.9 1H,1H-NOESY NMR spectra of glcPAS-NAPH D2O (500 MHz; 50 ms 
mixing time). 
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Figure 4.10 1H,1H-NOESY NMR spectra of glcPAS-NAPH D2O (500 MHz; 100 ms 
mixing time). 
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Figure 4.11 1H,1H-NOESY NMR spectra of glcPAS-NAPH D2O (500 MHz; 200 ms 
mixing time). 
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Figure 4.12. (Top) Glc-PAS chemical structure with protons labeled 1-6 along the 
pyranose ring. (Bottom) Proton distance measurements obtained from MD simulations 
were compared to those obtained via quantitative NMR studies using samples of glcPAS-
TYR at 50, 100, and 200 ms mixing time. Proton pairs are plotted from shortest to 
longest distance as obtained via MD simulations models.   
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Figure 4.13 Proton distance measurements obtained from MD simulations were 
compared to those obtained via quantitative NMR studies using samples of glcPAS-TYR 
and glcPAS-NAPH. Proton pairs are plotted from shortest to longest distance as obtained 
via MD simulations models.  (Top) Distances were measured with NOESY experiments 
using 100 ms mixing time. (Bottom) Distances were measured with NOESY experiments 
at 50 and 200 ms mixing times.    
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Figure 4.14 1H-NMR spectra of PLP in D2O (500 MHz).  
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Figure 4.15 Crystal structure PFP conjugated benzofuran for 2D NMR experiments to 
serve as an internal standard. Protons located in the aromatic rings to be used as internal 
references are labeled A-E in red and its respective distances are noted in Table 1. Key: 
grey-carbon; red-oxygen; white-hydrogen; dark blue-nitrogen; light blue-fluorine. Proton 
distances (Å): A-B, 3.0; B-C, 2.3; A-C, 5.0; C-D, 2.3; D-E, 2.4; B-D, 4.1. 
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Scheme 4.1 Pentafluorophenol ester (PFP) coupling onto 2,3-napthalenedicarboxylic 
anhydride and benzofuran-2-carboxylic acid to promote small molecule crystal growth  	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Scheme 4.2. Small molecule conjugation to glcPAS and poly(proline) for NMR studies  	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CHAPTER 5. Biocompatibility and stability studies of galactose-PAS 
This chapter was adapted from the following previously published paper:  
Dane, E. L.; Chin, S. L.; Grinstaff, M. W. Synthetic enantiopure carbohydrate 
polymers that are highly soluble in water and noncytotoxic. ACS Macro Letters 
2013, 2 (10), 887. (DOI: 10.1021/mz400394r) 
 
5.1 Introduction 
Synthetic neutral hydrophilic polymers, such as polyethylene glycols (PEG)162-164, 
polyglycerols165-169, poly(2-oxazoline)s (POx)170, and polyphosphoesters171 are used in a 
wide-range of applications.  Within this family, water-soluble polymers inspired by 
polysaccharides117, 172-175 are employed in a variety of important biomedical contexts, for 
example as drug-delivery vehicles176-178, non-fouling surface coatings179, and hydrogel 
components180.  We are interested in preparing carbohydrate polymers that retain the 
stereochemically-defined, cyclic backbone of natural polysaccharides to understand how 
these structural aspects influence polymer properties. In general, such polymers are 
considered difficult to access synthetically.181 Recently, we reported a new approach that 
replaces the ether linkage found in natural polysaccharides with an amide linkage, and 
termed these polymers, poly-amido-saccharides (PASs) (Scheme 5.1).27 In the initial 
investigation, a glucose-derived monomer was used to prepare α-N-1,2-D-glucose poly-
amido-saccharides (α-N-1,2-D-glc-PASs) using a two-step polymerization/deprotection 
sequence. Our approach is notable for allowing the controlled synthesis of enantiopure 
carbohydrate polymers of low dispersity (Ð).  Additionally, the PASs obtained have the 
advantage of containing hydroxyl groups for facile covalent modification, such as 
conjugation to drugs/biologics or the incorporation of charged groups.   
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Herein, we extend this methodology to the synthesis of α-N-1,2-D-galactose-
derived PASs (gal-PASs).  Compared to the glc-derived PASs, gal-derived PASs differ 
only in that the hydroxyl group at the C4 position is axial rather than equatorial (Scheme 
1, top).  This minor structural change results in polymers significantly more water-soluble 
than their glucose derivatives.  Specifically, we report:  (1) the synthesis of α-N-1,2-D-
gal-PASs with molecular weights as high as 35 kDa, (2) the preparation of amine-
terminated PASs for subsequent functionalization, (3) cytotoxicity studies, and (4) 
cellular uptake studies.   
 
5.2 Synthesis of gal-PAS 
5.2.1 Synthesis using para-nitrobenzoyl chloride as the initiator (series 1) 
Using para-nitrobenzoyl chloride as the initiator, the anionic ring-opening 
polymerization101-102, 182 of the galactose-derived β-lactam monomer183 was performed at 
three different initiator loadings (4, 2, and 1 mol%) to prepare a series of polymers of 
increasing degrees of polymerization, DPth = 25, 50, 100, respectively (gal-PAS series 1, 
Scheme 5.2). Complete consumption of the monomer was observed with initiator 
loadings of 4 and 2 mol%.  In contrast to previous observations using the glc-derived 
monomer, the gal-derived monomer was not completely consumed at an initiator loading 
of 1 mol%.  Based on proton NMR integration of the reaction mixture, more than 90% of 
the monomer was consumed.  The reason for polymer termination is unknown.  Possible 
explanations include the longer polymer chains becoming unreactive due to steric bulk or 
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the acylated β-lactam at the growing polymer chain end undergoing a side-reaction.  
Polymerizations of noncarbohydrate-derived β-lactam monomers have also shown a 
trend of incomplete conversion at low initiator loadings. 102The three gal-PAS samples 
were debenzylated using sodium metal in liquid ammonia at -78 °C.  Following dialysis 
and lyophilization, the resulting polymers were isolated as white powders. The isolated 
yields over both steps, polymerization and debenzylation, ranged from 66-94%.    
5.2.2 Synthesis using pentafluorophenol ester (Pfp) of Z-6-aminohexanoic acid as the 
initiator (series 2) 
To perform the cellular uptake studies, the PAS is required to have a terminal 
amine for subsequent functionalization with rhodamine. Thus, a Z-6-aminohexanoic acid 
derivative was selected as it allowed for the introduction of a benzyloxy-protected 
primary amine that would be deprotected under the debenzylation conditions.  However, 
preparation and purification of the corresponding acid chloride, Z-6-aminohexanoyl 
chloride, was expected to be challenging because of the species’ high reactivity and the 
fact that it contains an acid-sensitive benzyl carbamate.  Knowing that acylating agents 
less reactive than acyl chlorides, such as anhydrides102, can successfully initiate the 
controlled polymerization of β-lactams, we explored the use of the pentafluorophenol 
ester (Pfp) of Z-6-aminohexanoic acid.  
As shown in Scheme 5.3, three PAS polymers, DPth = 25, 50, and 100, were 
prepared using with this initiator at loadings of 4, 2, and 1 mol%, respectively (gal-PAS 
series 2).  At initiator loadings of 4 and 2 mol%, complete consumption of monomer was 
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observed.  As with the previous gal-PAS 100-mer samples using the para-nitrobenzoyl 
chloride initiator (series 1) the polymerization to form the gal-PAS 100-mer in series 2 
did not reach full conversion as well.  Based on proton NMR integration of the reaction 
mixture, more than 80% of the monomer was consumed.  The 1H-NMR spectra of these 
PAS polymers were similar to those of series 1, as expected.  For the 25- and 50-mer 
galPAS in series 2, the benzylic protons of the benyloxy carbamate protecting group at 
5.05 ppm were distinguishable from the polymer signals, confirming incorporation of the 
end-group.  The dispersities of the 50- and 100-mer from series 2 were larger (1.6) than 
those observed for the 50- and 100-mer from series 1 with values of 1.1 and 1.2, 
respectively.  Therefore, compared to the acyl chloride initiator, the Pfp-conjugated Z-6-
aminohexanoyl initiator provides similar results at a loading of 4 mol%, but shows an 
increase in dispersities at 2 and 1 mol%.  Additionally, use of this initiator afforded lower 
monomer consumption when 1 mol% of initiator was used. The differences in 
polymerization results at lower initiator loadings were likely the result of the lower 
reactivity of Pfp esters in comparison to acyl chlorides leading to a slower rate of 
initiation relative to the rate of polymerization.  
Once the protected gal-PAS samples from series 2 were deprotected in the same 
manner series 1, the isolated yields over both steps (80-86%) were comparable to those 
obtained from the series 1 with similar 1H-NMR spectra in D2O as well.  Proton signals 
within the gal-PAS 25- and 50-mer samples belonging to the endgroup could be 
discerned.  Specific rotations measured in water ranged from +162° for gal-PAS 25-mer 
to +170° for gal-PAS 50-mer (Scheme 5.3, box).  The Mn-values based on aqueous GPC 
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were larger than expected, as observed with the series 1 polymer.  The dispersity of the 
gal-PAS 100-mer sample was larger (2.3) than that of the protected polymer of 1.6.   
 
5.2 Characterization 
The resulting protected polymers from series 1 (prior to debenzylation) were 
characterized by 1H-NMR, with all samples having broadened peaks. A representative 
13C-NMR spectrum is seen in Figure 5.1. The polymers were also characterized by IR 
(Figure 5.2). Polymer molecular weights were determined using GPC with THF as the 
eluent against polystyrene standards (Table 5.1). Mn-values showed the anticipated trend 
of increasing Mn with decreasing initiator loading.  The dispersities were low, 1.1 or 1.2, 
as was previously found with the glucose-derived PASs. 
The 1H-NMR spectra of the deprotected polymers from series 1 were collected in 
D2O and showed well-resolved signals and couplings. A representative 13C-NMR 
spectrum of a gal-PAS 25-mer showed the expected seven signals (Figure 5.3).  Based 
on the 1H-NMR spectrum of gal-PAS 25-mer, the endgroup was partially reduced, as has 
been previously observed with endgroups containing aromatic rings.  Specific rotations 
measured in water ranged from +161° for the 25-mer to +169° for the 100-mer (Scheme 
5.2, box).  The molecular weights of the deprotected polymers were characterized using 
aqueous GPC against dextran standards where Mn-values were reported to be larger than 
expected. Computational modeling suggests that PASs form rod-like, rather than globular 
structures, and this rod-like structure may result in an over-estimation of molecular 
weight, as has been previously noted for other polymers.184  The dispersities of the 25-
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mer and 50- were similar to the values observed for the protected polymers with values of 
1.1 and 1.2, respectively.  However, the dispersity of the 100-mer was significantly 
higher.  This increase in dispersity does not appear to be a result of bond cleavage, as the 
DPGPC-values before and after reduction were comparable (176 and 186, respectively), 
and therefore may be related to the difference in the solution structure of the more rod-
like, linear PAS compared to the more compact, branched dextran.  
 
5.3 PAS water solubility  
In comparison to the glc-derived polymers previously reported27, the gal-derived 
polymers of all molecular weights showed high water solubility.  All polymers were 
found to be soluble at 100 mg/mL; higher concentrations were not investigated.  We did 
not observe the formation of precipitates, as was the case with glc-derived polymers.  
This trend was most evident when comparing gal-PAS 25-mer to a glc-derived polymer 
of approximately the same molecular weight with the same endgroup.  After 2 days of 
incubation at 37 °C, aqueous solutions of the gal-PAS 25-mer remained clear whereas 
solutions of the glc-derived polymer became cloudy (Figure 5.4).  Polymer solubility is a 
complex phenomena and therefore it is challenging to give a precise rationale for why 
changing the orientation of the C4 hydroxyl from equatorial to axial affects solubility 
dramatically.  However, we speculated that the C4-hydroxyl group of the gal-derived 
repeat, which points into the plane above the pyranose ring, may prevent stacking 
between PAS chains. This hypothesis was further tested using computational modeling 
and molecular dynamics simulations as discussed in Chapter 3. 
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5.3 Biological Assays  
5.3.1 Cytotoxicity in HeLa, HepG2, and CHO cells  
The cytotoxicity of gal-derived PAS polymers was evaluated using an MTS cell 
viability assay in three cell lines:  human cervix adenocarcinoma (HeLa), human liver 
carcinoma (HepG2), and Chinese hamster ovary (CHO).  As shown in Figure 5.5, 
galPAS 25-mer and 100-mer at a high concentration of 2.0 mg/mL in media did not 
decrease cell viability after 48 hours of incubation in comparison to the media control, 
indicating no cytotoxicity.  
5.3.2 Cellular uptake studies in HepG2 cells 
5.3.2.1 Asialoglycoprotein (ASPG) receptor 
Neutral, hydrophilic polysaccharides, such as dextran, are known to be taken into 
cells via endocytosis that is not receptor mediated. Therefore fluorophore-labeled 
dextrans have been used to image cellular fluid flow in endosomes and lysosomes.185  
However, macromolecules containing pendant galactose groups can also be taken into 
liver cells by an active mechanism.  They are recognized and transported into the cell by 
the asialoglycoprotein (ASGP) receptor, a hepatic lectin that binds some galactose 
derivatives with free hydroxyls at the C3 and C4 positions.186  Therefore, we investigated 
the uptake of PASs in a human hepatocyte line expressing the ASGP receptor to 
determine whether this receptor would actively transport the polymers into the cell.  
Understanding the nature of the interaction between gal-derived PASs and gal-specific 
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receptors is essential in defining applications for these polymers.  Hydrophilic polymers, 
such as PEG, are often used to shield materials from specific biological interactions. If 
gal-derived PASs are not recognized by gal-receptors, their neutrality and high water-
solubility suggest their potential as shielding polymers. Conversely, a strong interaction 
with gal-receptors would suggest their use in applications where this specific targeting is 
desired. 
5.3.2.2 Confocal microscopy imaging and flow cytometry 
To monitor cell uptake, gal-PAS 25- and 100-mer samples (series 2) were labeled 
with a fluorescent rhodamine derivative via conjugation with the free amine of the 
endgroup, and named rh-P225 and rh-P2100, respectively.  To confirm that the polymers 
entered hepatocytes, the cells were incubated with rh-P225 for 24 hours and then imaged 
with a confocal microscope (Figure 5.6).  The cells were fixed and stained to visualize 
the nucleus (Hoescht stain, blue) and membrane (concanavalin A 488 conjugate, green).  
The fluorescence signal of rh-P225 (red) localized within the cytosol, confirming uptake.  
To quantify this uptake, flow cytometry was performed with rh-P225 and rh-P2100, and for 
comparison, a rhodamine labeled dextran with a molecular weight of 10 kDa (rh-Dex10k).  
After a 24-hour incubation, rh-P225 and rh-Dex10k showed similar amounts of uptake, and 
rh-P2100 displayed slightly higher uptake. At 4°C, where metabolic activity was 
decreased, uptake of rh-P225 and rh-Dex10k was strongly inhibited, confirming that uptake 
was a result of endocytosis rather than passive diffusion into the cell (Figure 5.7).   
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5.3.2.3 Competitive Binding Assay with asialofetuin 
To further probe the mechanism of uptake, we investigated rh-P225 uptake in the 
presence of asialofetuin (AF), a competitive binder for the ASGP receptor.187 If rh-P225 
were actively endocytosed by the ASGP receptor, we would expect AF to inhibit uptake 
through competition.  As shown in Figure 5.6C, the addition of 1 and 4 mg/mL of AF 
did not significantly decrease rh-P225 uptake. This result suggested that uptake was not 
strongly dependent on the gal-specific receptor. The fact that rh-P225 and rh-P2100 
displayed similar amounts of uptake relative to rh-Dex10k, a polymer that does not contain 
galactose and, thus, was not actively taken up, also agreed with the conclusion that the 
gal-derived PAS polymers were not being recognized by the ASPG-receptor.  Finally, 
under the same conditions with the same rhodamine label, glc-derived PASs of similar 
molecular weights showed comparable uptake into hepatocytes, further strengthening the 
argument that uptake was not mediated by the ASPG-receptor. 
 
5.4 Conclusions   
In summary, the synthesis and characterization of gal-derived PASs are reported.  
Polymerization using either an acyl chloride or pentafluorophenol ester initiator results in 
complete consumption of monomer when 4 or 2 mol% initiator is employed.  When 1 
mol% initiator is used, some (< 20%) unreacted monomer remains with both initiators.  
However, unreacted monomer is removed by dialysis to obtain pure polymers in good to 
high yields.  The resulting polymers are characterized using NMR, optical rotation, IR, 
and GPC.  The polymers of all molecular weights are highly water soluble, in contrast to 
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the previously reported glc-derived polymers, and are nontoxic to HeLa, HepG2, and 
CHO cell lines.  Based on microscopy and flow cytometry studies, the polymers are taken 
into cells via endocytosis that is not dependent on the gal-specific receptor on 
hepatocytes.  These results suggest that α-N-1,2-D-gal PASs are of interest for 
applications requiring hydrophilic polymers that do not strongly interact with biological 
receptors.  Future work will focus on identifying biomedical applications where the 
unique architecture and properties of these water-soluble, neutral, structurally-defined 
carbohydrate polymers can offer advantages over existing systems. 
 
5.5 Materials and Methods 
General methods, materials, and instrumentation 
All chemicals were purchased from Sigma-Aldrich, Alfa-Aesar, or Acros and 
used as received. All cell lines were purchased from ATCC (Manassas, VA). 1H-NMR 
and 13C-NMR spectra were recorded on a Varian 500 MHz spectrometer. FTIR spectra 
were obtained by pressing a small amount of dry sample onto a horizontal attenuated total 
reflectance (ATR) adapter on a Nicolet FT-IR. Specific rotations were determined using a 
Rudolph Autopol II polarimeter operating at 589 nm in a 50 mm path length cell. 
Polymer molecular weights for protected polymers were determined by gel permeation 
chromatography (GPC) versus polystyrene standards using THF as the eluent at a flow 
rate of 1.0 mL/min with a Styragel column (HR4E, 7.8 x 300 mm) in series with a 
refractive index detector. Polymer molecular weights for deprotected polymers were 
determined by GPC versus dextran standards using 0.10 M NaNO2, 0.010 M phosphate 
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buffer at pH 7.4 as the eluent at a flow rate of 0.5 mL/min with a PL aquagel-OH 30 (7.5 
x 300 mm) and a Shodex Oh-pak (KB-804, 8.0 x 300 mm) in series with a refractive 
index detector.   
 
Synthesis of gal-PAS series 1 
In an oven-dried flask, the gal-derived lactam (0.500 g, 1.09 mmol) and 4-
nitrobenzoyl chloride (4.0 mol% for DPth = 25, 2.0 mol% for DPth = 50, 1.0 mol% for 
DPth = 100) were dissolved in 10 mL of distilled tetrahydrofuran (without BHT) which 
had been dried over molecular sieves. Because small quantities of 4-nitrobenzoyl chloride 
were required, a stock solution of 4-nitrobenzoyl chloride in tetrahydrofuran was 
prepared immediately before use and the appropriate volume was added to the reaction 
flask. The reaction flask was cooled to 0°C in an ice bath. Next, the appropriate volume 
of a 0.5 M solution of LiHMDS in THF (10 mol% for DPth = 25, 5.0 mol% for DPth = 50, 
2.5 mol% for DPth = 100) was added and the solution was stirred for 0.5 hr, at which time 
the reaction was allowed to warm to room temperature. After 0.5 hr at room temperature, 
complete consumption of the initiator was confirmed by thin-layer chromatography with 
1:1 ethyl acetate and hexane as the eluent. To quench the reaction, a drop of saturated 
NH4Cl aqueous solution was added. The THF was removed via rotary evaporation and 
the resulting solid was redissolved in diethyl ether (25 mL) and washed with 1 M HCl, 
saturdated NaHCO3, and brine. After drying over sodium sulfate, the product was 
isolated by evaporation of solvent. The product was dissolved in minimal 
dichloromethane and precipitated by adding dropwise into a flask of stirred, cold pentane 
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(50 mL). The resulting solid was collected by filtration, redissolved in dichloromethane, 
and precipitated in cold methanol and dried. After drying under high vacuum, a white 
powder was isolated with quantitative or close to quantitative mass recovery. Spectral 
data is listed for a gal-PAS 25-mer: 1H NMR (500 MHz, CDCl3) δ 8.17 (br s, 1H), 7.15 
(br m, 15H), 5.85 (br s, 1H), 4.75-3.1 (br m, 12H); 13C NMR (126 MHz, CDCl3) δ 171.1, 
138.8, 138.4, 128.3, 127.8, 127.5, 74.1, 73.2, 72.1, 71.7, 68.5, 46.7. IR (ATR): 3342 br 
(NH), 1675 (amide I), 1521 br (amide II), 1064 cm-1. 
 
Synthesis of gal-PAS series 2 
In an oven-dried flask, the gal-derived lactam 1 (0.500 g, 1.09 mmol) and the 
pentafluorophenol ester conjugated Z-6-aminohexanoic acid initiator (4.0 mol% for DPth 
= 25, 2.0 mol% for DPth = 50, 1.0 mol% for DPth = 100) were dissolved in 10 mL of 
distilled tetrahydrofuran (without BHT), which had been dried over molecular sieves. A 
stock solution of this initiator in tetrahydrofuran was prepared immediately before use 
and the appropriate volume was added to the reaction flask. The reaction flask was 
cooled to 0 °C in an ice bath. Next, the appropriate volume of a 0.5 M solution of 
LiHMDS in THF (10 mol% for DPth = 25, 5.0 mol% for DPth = 50, 2.5 mol% for DPth = 
100) was added and the solution was stirred for 0.5 hr, at which time the reaction was 
allowed to warm to room temperature. After 0.5 hr at room temperature, complete 
consumption of the initiator was confirmed by thin-layer chromatography with 1:1 ethyl 
acetate and hexane as the eluent. To quench the reaction, a drop of saturated NH4Cl 
aqueous solution was added. The THF was removed and the resulting solid was 
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redissolved in diethyl ether (25 mL) and washed with 1 M HCl, saturated NaHCO3, and 
brine. After drying over sodium sulfate, the product was isolated by evaporation of 
solvent. The product was dissolved in minimal dichloromethane and precipitated by 
adding dropwise into a flask of stirred, cold pentane (50 mL). The resulting solid was 
collected by filtration, redissolved in dichloromethane, and precipitated in cold methanol 
and dried. After drying under high vacuum, a white powder was isolated with 
quantitative or close to quantitative mass recovery. 
 
Polymer debenzylation via Birch reduction 
Protected gal-PAS samples (0.200 - 0.400 g depending on sample) were dissolved 
in 5.0 mL of tetrahydrofuran. Next, 1.5 equiv. of LiHMDS (from 1.0 M stock solution in 
tetrahydrofuran) was added to this solution which was stirred for 5 minutes at room 
temperature. The solution was then added dropwise into a rapidly stirred solution of 
sodium in anhydrous liquid ammonia (~50 mL) at −78 °C under nitrogen. Sodium was 
washed in hexane and cut into small pieces before addition. The solution’s deep blue 
color was maintained by adding additional sodium. After 1 hour at −78 °C, saturated 
ammonium chloride was added until the blue color disappeared. After evaporation of the 
ammonia at room temperature, the resulting aqueous layer was washed with diethyl ether 
twice. The aqueous solution was dialyzed for 2 days with 3 water changes using 1 kDa 
MWCO tubing, After lyophilization, the resulting white solid was suspended in methanol 
and collected by filtration as a white solid. Yields over both steps, polymerization and 
deprotection, ranged from 66 – 94%. Spectral data is listed for a glc-PAS 10-mer sample 
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(series 1): 1H NMR (500 MHz, D2O) δ 5.78 (d, J = 5.2 Hz, 1H), 4.25 (d, J = 11.4 Hz, 
1H), 3.95 – 3.89 (s, 1H), 3.66 (m, 3H), 3.20 (dd, J = 11.4, 5.3 Hz, 1H); 13C NMR (126 
MHz, D2O) δ 171.9, 75.4, 72.7, 67.9, 66.0, 61.7, 46.8. IR (ATR): 3550-3200 br, 1670 
(amide I), 1515 br (amide II), 1131, 1053, 975, 789 cm-1. 
 
Cell culture and in vitro cell viability assay 
Chinese hamster ovary (CHO) cells were cultured in F-12K media supplemented 
with 10% fetal bovine serum (FBS) and 1% L-glutamine-penicillin-streptomycin (GPS). 
Liver hepatocellular carcinoma (HepG2) cells were cultured in DMEM media 
supplemented with 10% FBS and 1% GPS. Homo sapiens cervix adenocarcinoma cells 
(HeLa) were cultured in a complete DMEM medium with 10% fetal bovine serum, 1% 
GPS, and 0.1 mM MEM non-essential amino acid (Sigma). All cell lines were maintained 
at 37°C in 5% CO2 with humidity. When cells reach 80% to 90% confluency, they were 
split at a 1:4 ratio using a standardized trypsin-based detachment protocol.  
To determine cytotoxicity, an in vitro cell viability assay was performed using a 
standard MTS proliferation assay protocol (CellTiter 96® Aqueous One, Promega, 
Madison, WI). Cells were seeded at 25,000 cells/well in 96-well plates and incubated 
overnight at 37°C. The media was removed and replaced with culture media containing 2 
mg/mL polymer. Cells were incubated for another 24 or 48 hours before measuring cell 
viability with an MTS reagent. Absorbance was recorded at 492 nm with a multi-plate 
reader and cell viability was calculated in relation to control cells in media. 
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Rhodamine labeling 
A 5(6)-carboxy-X-rhodamine N-succinimidyl ester was used to label gal-PAS 25- 
and 100-mer samples (series 2) in order to monitor polymer uptake in HepG2 cells. A 
solution containing 10 mg/mL of PAS was dissolved in distilled water with 0.10 M 
NaHCO3 was prepared. A second solution was prepared containing 2 mg/mL 5(6)-
carboxy-X-rhodamine N-succinimidyl ester dissolved in DMSO. A portion of the DMSO 
solution (100 µL) was added to 400 µL of the aqueous solution. After 30 minutes at room 
temperature, the reaction mixture was dialyzed overnight in distilled water using a 1 kDa 
MW cut-off dialysis membrane with three water changes. The sample was isolated by 
lyophilization and rhodamine labeling of the polymer was confirmed using 
polyacrylamide gel electrophoresis. 
 
Confocal microscopy and endocytosis studies  
HepG2 cells were plated at a density of 500,000 cells/well in a 6-well plate 
containing a 1.5 cm (18 x 18 mm) glass coverslip in each well and were incubated 
overnight at 37°C. The media was removed and replaced with fresh culture media 
containing 25 µg/mL rhodamine-labeled gal-PAS samples, rh-P225 and rh-P2100, 
followed by a 24-hour incubation. To prepare for confocal microscopy imaging, the 
coverslips were washed twice with cold PBS and cells were treated with 4% 
formaldehyde for 20 minutes in 37°C. Subsequently, cells were washed twice with PBS 
containing magnesium and calcium. Cells were incubated for 8 minutes with 3 µg/mL 
Hoechst trihydrochloride trihydrate solution in PBS and 100 µg/mL of a concanavalin A 
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488 conjugate in PBS to stain the nucleus and the membrane, respectively. Cells were 
washed twice with cold PBS, followed by another two washes with PBS containing 
calcium and magnesium. The coverslips were carefully removed from the wells and 
mounted on glass slides with a Prolong Gold Anti-Fade® reagent. Samples were imaged 
using a Zeiss LSM 510 Meta Live Cell confocal microscope under a 405 nm laser (blue, 
nucleus), a 488 nm laser (green, cell membrane), and a 543 nm laser (red, rhodamine 
conjugates). Quantitative analysis of rh-P225 and rh-P2100 uptake, 4°C endocytosis 
inhibition, and asialofetuin inhibition in HepG2 cells were monitored by flow cytometry. 
For these studies, HepG2 cells were seeded at 500,000 cells/well in a 6-well plate and 
incubated overnight at 37°C with 5% CO2. 
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Table 5.1  Polymer Characterization using GPC 
 Degree of 
polymerization 
Mn(th)/Mn(GPC)a 
(kDa) 
Mw(GPC)a 
(kDa) 
Ðb DPth/DPGPC 
Series 1 
gal-PAS 
Protected 
(before 
debenzylation) 
P1’25 11.6/15.4 18.2 1.2 25/34 
P1’50 23.1/28.8 31.5 1.1 50/63 
P1’100 46.1/81.0 98.4 1.2 100/176 
Deprotected 
P125 4.8/9.0 10.3 1.1 25/48 
P150 9.6/15.6 19.0 1.2 50/82 
P1100 19.0/35.2 54.9 1.6 100/186 
Series 2 
gal-PAS 
Protected 
(before 
debenzylation) 
P2’25 11.7/7.6 9.4 1.2 25/17 
P2’50 23.2/17.2 28.2 1.6 50/37 
P2’100 46.2/49.7 77.2 1.6 100/108 
Deprotected 
P225 4.8/5.9 6.8 1.2 25/31 
P250 9.6/17.7 23.2 1.3 50/94 
P2100 19.0/23.2 47.0 2.3 100/123 
a Determined by THF GPC with polystyrene standards (P1’, P2’) or aqueous GPC with 
dextran standards (P1, P2).  b Mw/Mn. 
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Figure 5.1 13C-NMR spectrum of protected (prior to debenzylation) gal-PAS 25-mer 
(series 1) in CDCl3 (126 MHz). 
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Figure 5.2 1H-NMR (Top) and 13C-NMR (bottom) spectra of deprotected gal-PAS 
25-mer (series 1) in D2O (500 MHz). 
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Figure 5.3 Infrared spectra of protected and deprotected gal-PAS polymers from 
series 1 and series 2. Major bands are labeled in red with the energy (cm-1). In subsequent 
spectra, only those bands that vary are identified. Protected gal-PAS polymers were 
collected by drop-casting a film from a concentrated chloroform solution onto an ATR 
crystal. Deprotected samples were obtained by pressing a dry sample of the polymer onto 
an ATR crystal. 
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Figure 5.4     The image shows solutions of gal-PAS 25-mer from series 2 (P225) (left) 
and a glc-derived 25-mer (right) in distilled water at various concentrations in a 96-well 
plate after incubation at 37 °C for 48 hours. 
 
 
 
 
 
 
	   	  
	  
170	  
 
 
 
 
 
Figure	  5.5   Cell viability for HeLa, HepG2, and CHO cell lines measured after 
incubating cells with a gal-PAS 25-mer (P225) and 100-mer (P2100) from series 2 at 2.0 
mg/mL in media for 48 hours using an MTS assay. Both PAS samples do not cause a 
statistically significant decrease in survivability in any of the cell lines, All experiments 
were done at n=3 and error bars represent standard deviation of the mean.	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Figure 5.6.  A) Confocal microscopy of fixed HepG2 cells after a 24 h incubation 
with rh-­‐P225	  showing endocytosis. Cells were visualized with Hoechst stain (nucleus) 
and con A 488 conjugate (cell membrane). (B) Uptake of rhodamine-labeled PAS 25- and 
100-mer polymers (rh-­‐P225	  and rh-­‐P2100) was monitored using flow cytometry and 
compared to rhodamine-labeled dextran (rh-Dex10k) after 24 h. (C) To probe the 
mechanism of PAS uptake, asialofetuin (AF), a competitive binder of the ASPG receptor, 
was added at 1 and 4 mg/mL. Significant inhibition of rh-­‐P225	  uptake was not observed, 
confirming that uptake is not strongly dependent on the gal-specific ASPG receptor. The 
concentration of rhodamine-labeled PAS was 25 μg/mL for all experiments.	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Figure 5.7.  The inhibition of cell uptake at 4 °C is shown for rh-­‐P225	  (left) and rh-
Dex10k (right) after a 4 hour incubation. The large decreases in uptake observed for both 
polymers confirms that uptake occurs mostly by endocytosis rather than passive diffusion 
across the cell membrane. 	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Scheme 5.1. Overall synthesis of poly-amido-saccharides (PASs). 
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Scheme 5.2  Polymerization of gal-derived lactam monomer with acyl chloride 
initiator (series 1). 
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Scheme 5.3  Polymerization of gal-derived lactam monomer with pfp ester initiator 
(series 2). 
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CHAPTER 6.  Synthesis and characterization of sulfated poly-amido-saccharides 
with antithrombin binding recognition activity and anti-coagulation properties 	  
6.1 Introduction 
Sulfated polysaccharides are ubiquitous in nature and play diverse functional roles 
in biological systems ranging from providing mechanical support (e.g., resistance to 
compression  - chondroitin sulfate) to controlling biological activity (e.g., inhibition of 
thrombosis - heparin sulfate).88-89, 188 Today, heparin sulfate is extensively used as an 
anticoagulant agent (12 M US per year)188 in major surgeries. Upon completion of the 
procedure189-190 its activity is reversed with the use of protamine sulfate. Heparin sulfate is 
an anionic, sulfated polysaccharide, primarily composed of uronic acid and 
glucosamine,81-84 isolated from porcine or bovine mucosal tissues. It exists in a wide 
range of molecular weights and carbohydrate subunit sequences, both of which affect its 
anticoagulant activity. Moreover 60-70% of clinically used heparin is inactive.81, 191 The 
mechanism of anticoagulation is complex, with large molecular weight heparins (10-30k 
g/mol) acting on a number of coagulation factors192 while low molecular weight (LMW) 
heparins (<10k g/mol) exhibit relatively more inhibition of factor Xa along with 
additional targets.193 Constant heparin usage also increases virus exposure to patients due 
to sample contamination and undesirable side effects such as bleeding complications and 
heparin-induced thrombocytopenia.82, 87 Thus, improved natural isolation methods, 
recombinant approaches to heparin sulfate, and synthetic routes to heparin and heparin 
mimetics, as well as small molecule anticoagulation agents are in great demand.  
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Given the remarkably diversity in stereochemistry, functionality, linkage types, 
and degree of branching, and polysaccharides are challenging synthetic targets.2,114 New 
synthetic strategies to prepare natural polysaccharides or synthetic polysaccharide 
mimetics (including sulfated ones)194-198 are of importance for basic research and for the 
development of breakthrough patient therapies. Recently, we reported poly-amido-
saccharides (PASs), hybrid synthetic biopolymers with salient features of both 
polysaccharides and proteins, termed.27-28, 30-32 Specifically, PASs are well-defined, 
enantiopure amide-linked carbohydrate polymers that are stereochemically defined, 
hydrophilic, and possess pyranose rings in the backbone.28  PASs are synthesized by the 
anionic ring-opening polymerization (AROP) reaction of a β-lactam sugar monomer in 
high-yields with batch-to-batch consistency, defined molecular weights, and low 
polydispersity. We reasoned the AROP of a β-lactam glucose-derived monomer followed 
by post-polymerization sulfation will afford/yield an active heparin sulfate mimetic that 
displays anticoagulation activity, which can be neutralized or reversed in the presence of 
protamine sulfate.  
Herein, we specifically report the: (1) synthesis of glcPAS and sulPAS polymers 
using SO3NMe3 as the sulfating reagent; (2) characterization of sulPAS samples and 
quantification of sulfated groups using elemental analysis; (3) cytotoxicity of sulPAS in a 
NIH 3T3 fibroblast mammalian cell line; and, finally (4) investigation of sulPAS samples 
to show anticoagulant activity in a heparin-ATIII binding assay. 
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6.2 Synthesis of glcPAS and sulfated PAS (sulPAS) 
The glucose-derived β-lactam monomer was synthesized by [2+2] cycloaddition 
of chlorosufonyl isocyanate with the benzyl-protected glucal (Scheme 1.1). The 
remaining sulfonyl group was removed via in situ reduction.27-28, 30 AROP of the monomer 
was performed using the pentafluorophenol ester of a Z-6-aminohexanoic acid as the 
initiator at a loading concentration of 10 mol%, for example, to give a glucose-derived 
PAS (glcPAS) with 10 repeat units (degree of polymerization (DP) = 10). The subsequent 
Birch reduction followed by dialysis purification gave the isolate product in high yield 
(90-95%) and the final product was confirmed via 1H-NMR (Figure 6.1). To install 
sulfate groups on the PAS, we chose to use SO3NMe3 as the sulfating reagent.78  
A number of different sulfating reagents (e.g., SO3DMF80, 199, sulfuric acid200, 
SO3NMe378, 200) are reported for sulfating natural and synthetic hydroxyl containing 
polymers (e.g., cellulose80, polyvinyl alcohol201,  polyglycerol202-203, polyethylene 
glycol204). Pilot studies evaluating reagents such as SO3DMF, SO3EtOH, SO3pyridine, 
pyridine/HClSO3; solvents such as pyridine or DMSO; reaction times ranging from 5 
hours to 7 days; and temperatures from 25-70° showed polymer degradation or minimal 
sulfation. Specifically, glcPASs were dissolved in anhydrous DMF with excess of 
SO3NMe3 at 50°C for 5 days (Scheme 6.1). The reaction was quenched with NaOH 
prior to dialysis against distilled water for 72 hours. The purified product was a water-
soluble white powder after lyophilization in yields ranging from 90 to 95%.  
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To reduce the reaction time of 5 days, a microwave reaction was investigated 
using the same conditions to increase sulfation reaction rates of phenolic-based 
structures.200, 205 These microwave sulfation reaction rates were monitored via GPC, IR, 
and elemental analysis in excess of SO3NMe3. SulPAS samples were obtained after 24 
hours with comparable characterization results to the original 5-hour reaction with no 
observed degradation. 
 
6.3 Characterization 
IR characterization on sulPAS samples showed the appearance of a peak at 1200 
cm-1, indicating the presence of S=O stretches within the sulfated groups, while a slight 
peak reduction at 3300 cm-1 for reduced –OH stretches (Figure 6.2). In the 1H-NMR 
spectra, broader peaks were noted for protons adjacent to –OH groups within the 
pyranose rings in contrast to sharp peaks in the spectra for glcPAS samples (Figure 6.3). 
Aqueous GPC characterization on sulPAS samples, displayed a prominent peak shift to 
earlier retention times due to a molecular weight (MW) increase and anionic charges 
presented throughout the sulPAS structure in contrast to the neutral glcPAS samples 
(Figure 6.4).206 MW values measured using GPC DMF as the eluent indicated sulPAS of 
low polydispersity (DP) and without backbone hydrolysis (Table 6.1).  MALDI-TOF-
MS analyses were attempted to measure MW for sulPAS samples but these highly 
charged polymers were challenging to ionize even under different conditions and 
matrices.  
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6.4 Quantification of sulfated groups 
Elemental analyses (EA) revealed sulPAS 10-mer samples contained 14.8% of 
sulfur content, which correlates to a ratio of 1.2 sulfated groups on average introduced 
per monomer unit on glcPAS samples (Table 6.1). We hypothesized that the sulfated 
group is likely to be situated at the primary C6 hydroxyl of the pyranose ring (Scheme 
6.1). Since the hydroxyl groups positioned at the C3 and C4 sites are located closer to the 
PAS backbone, we reasoned that they are sterically less accessible and therefore would 
not be as favored for functionalization. Other literature reports also suggest primary 
hydroxyl group(s) to be the most favored for sulfated modification as this position is most 
accessible for functionalization, such as with sulfated cellulose compounds.80  13C-NMR 
and 1H,13C-HSQC 2-D NMR studies are currently underway to identify the sulfation 
position on sulPAS samples. SulPAS 10-mer samples are also prepared with varying 
degrees of sulfation by repeating reactions using 2.0, 0.5, and 0.3% mol eq. of SO3NMe3 
to –OH group within glc-PAS 10-mer structures. Via elemental analysis, these reactions 
generated sulPAS with 10.68, 7.81, 2.41% sulfur content, respectively. 
To access larger MW sulPAS structures, the sulfation reaction was repeated with 
glcPAS samples of DP = 20 in excess of SO3NMe3 in anhydrous DMF. GPC 
characterization revealed unreacted glcPAS, suggesting the reaction did not go to 
completion, which was verified via elemental analysis. As glcPAS samples at higher DP 
> 10 were observed to show poor solubility in DMF, we hypothesized this hindered the 
sulfation reaction. To improve solubility, the reaction was repeated with 0.5 M of LiBr 
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which yielded a sulPAS 20-mer product with a sulfur content of 13.27%. Other strategies 
to improve its solubility were attempted but were found to be not as effective. These 
included conducting sulfation reactions in DMSO and pyridine, as well as in a variety of 
ionic liquids including 1-ethyl-3-methylimidazolium acetate, 1-ethyl-3-
methylimidazoliym tetrafluoroborate, 1-methyl-1-propylpiperidinium TFSI, and 1-
methyl-1-propylpyrrolidinium TSFI. 
 
6.5 Biological Assays and Characterizations 
6.5.1 Cytotoxicity Assay 
The cytotoxicity of sulPAS (DP =10) samples was evaluated and compared to 
heparin, glcPAS, and dextran using a standard MTS colorimetric assay. NIH 3T3 
fibroblast mammalian cells were incubated in presence of these reagents at varying 
concentrations ranging from 1.0 to 0.05 mg/mL for 24 hours. As depicted in Figure 6.5, 
all samples showed minimal cytotoxicity with results similar to the untreated controls 
6.5.2 Heparin-binding assay 
Next, a heparin-antithrombin III binding assay (COATEST® Heparin (low MW)) 
was used to investigate the anticoagulation activity of sulPAS samples. The activity is 
dependent upon the heparin-antithrombin (AT) binding complex, which inactivates factor 
Xa (FXa) and other proteases in the coagulation cascade (Figure 6.6A). Here, excess 
FXa is present of the heparin-ATIII complex where the remaining FXa hydrolyzes S-
2222, which contains a chromophoric pNA group that can be monitored at λ = 405 nm.  
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The activity of sulPAS samples (DP = 10; prepared with excess SO3NMe3) was 
compared to heparin, glcPAS, and dextran samples at concentration up to 100 μg/mL. 
High absorbance readings were noted for glcPAS (DP=10) and dextran (Mn 5.0 kDa) 
(Figure 6.6; black -solid and -dash lines, respectively) samples, which confirms no 
interactions with ATIII as high concentrations of free FXa enhanced the hydrolysis rate 
of S-2222. In contrast, the heparin sample, known to bind strongly with ATIII, limited the 
amount of free FXa in solution due to interactions with the heparin-ATIII complex. In 
return, reduced pNa concentration was noted (blue-dashed line). Similarly, low 
absorbance readings were also observed for sulPAS sample (blue-solid line), suggesting a 
similar binding interaction to ATIII as heparin. 
6.5.3 Protamine sulfate inhibition assay 
To determine whether anticoagulation activity of sulPAS could be reversed with 
protamine sulfate (PS) in a similar manner to heparin, the above assay was repeated with 
100 μg/mL of heparin, sulPAS, and glcPAS incubated with varying concentrations of PS. 
PS is a cationic, arginine-rich peptide that is commonly used in surgery to neutralize 
heparin and reverse its anticoagulation effects through electrostatic binding interactions 
with heparin.81, 193 As reported in Figure 6.6, increasing PS concentrations resulted in 
greater concentrations of free pNA for sulPAS and heparin samples due to minimal 
interactions between these substrates with ATIII. This suggests that sulPAS samples 
electrostatically interact with PS in a similar manner to heparin by inhibiting binding 
between sulPAS to ATIII. Upon the addition of PS, a change in water solubility was 
noted for both PS-heparin and PS-sulPAS complexes, which precipitated out of solution 
	   	  
	  
183	  
(Figure 6.7). On the contrary, precipitates were not observed upon adding PS to neutral 
glcPAS samples, as both remained water soluble, suggesting no electrostatic interactions 
between these substrates. Ongoing investigation is currently underway to explore the 
binding properties, rates, and mechanisms of sulPAS and AT.  
 
6.6 Conclusions 
SulPAS structures are obtained when reacting glcPAS with SO3NMe3. The 
amount of sulfation can be controlled under these reaction conditions in which the 
finalized structures were characterized using NMR, IR, GPC, and elemental analyses. 
SulPAS samples demonstrated minimal cytotoxicity in NIH3T3 fibroblasts comparably 
to dextran, heparin, and glcPAS for maximum concentrations up to 1.0 mg/mL for 24 
hours. Through heparin-ATIII binding assays, sulPAS samples were demonstrated to 
bind with ATIII in a similar manner to that of heparin. Both of these electrostatic binding 
interactions were inhibited by of PS, which is used to reverse heparin’s effects and induce 
blood clotting in the clinic.  
These findings emphasize the novelty and advantages of utilizing sulPAS as 
heparin-mimic to address current clinical challenges associated with heparin use, such as 
heparin-induced thrombocytopenia (HIT)- a common life threating complication in major 
surgeries.88-89, 188 To address these clinical risks, Fondaparinux is clinically used as an 
anticoagulant as it consists of a synthetic pentasaccharide with a sequence that 
demonstrate high binding affinity to ATIII.207 Although Fondaparinux minimizes risks of 
HIT, its anticoagulation activity cannot be reversed using PS.208 Thus, we anticipate 
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sulPAS structures to be advantageous for this application without eliciting an immune 
response to trigger HIT due to its minimal cytotoxicity, synthesis control over MW and 
sulfation, and ability to reverse anticoagulation activity with PS. 	  
6.7 Materials and Methods 
General materials, methods and instrumentation  
Materials and chemicals were purchased from Sigma Aldrich or Alfa Aesar and 
immediately used as received unless otherwise noted. 3,4,6-tri-O-benzyl-D-glucal was 
purchased from Carbosynth, LLC (San Diego, California). Cell lines were purchased 
from ATCC. The Coatest Heparin assay was purchased from Chromogenix. Solvents 
used for the polymerization reactions were dried and freshly distilled prior to use. 
Reactions were carried out using standard techniques. 1H-NMR spectra were recorded on 
a Varian INOVA 500MHz spectrometer. Infrared spectroscopy was performed on a 
Nicolet FT-IR with a horizontal attenuated total reflectance (ATR) adapter plate. Gel 
permeation chromatography (GPC) was performed in aqueous solvent (0.1 M NaNO3, 
0.01 M Na2HPO4, 0.02% NaN3, pH 7.5) using a PL aquagel-OH 60 column (purchased 
from Waters) at a flow rate of 0.5 mL/min with a refractive index detector against dextran 
standards. GPC analysis with sulfPAS samples were performed in DMF buffer with 0.05 
M LiBr using a Styragel column (purchased from Waters) at a flow rate of 0.5 mL/min 
with a refractive index detector against polystyrene standards. 
 
Glucose β-lactam monomer synthesis 
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Following previously reported procedures27, 30, N-chlorosylfonyl isocyanate (CSI) 
(2.21g, 15.6 mmol, 1.35ml), which had been stored over oven-dried sodium carbonate for 
over a week at 0°C, was dissolved in anhydrous toluene (20 mL) over oven-dried sodium 
carbonate at room temperature under nitrogen.  The reaction was cooled to -78°C in a dry 
ice/acetone bath. In a separate oven-dried flask 3,4,5-tri-O-benzyl-D-glucal (5.0 g, 12.0 
mmol) was dissolved in anhydrous toluene (20 mL) under nitrogen.  This solution was 
added very slowly to the CSI solution at -78°C.  The reaction was then heated to -55°C in 
a chloroform/dry ice bath and stirred for three hours.  Then the reaction was cooled back 
to -78°C and was diluted with anhydrous toluene (60 mL) very slowly.  Red-Al (4.5 mL) 
was added over 15 minutes.  The reaction was heated to -50°C for 15 minutes, warmed to 
-10°C for five minutes, quenched with DI water (1.0 mL), and stirred for 30 minutes 
while warming to 0°C.  The reaction was filtered to remove solids via vacuum filtration 
and washed with diethyl ether.  The reaction mixture was washed with saturated 
bicarbonate and brine prior to drying it over sodium sulfate, which was filtered.  The 
solvent was removed via rotary evaporation to give a clear to light yellow oil.  The crude 
material was purified by column chromatography, eluted with 1:1 ethyl acetate to 
hexanes. 1H-NMR spectra matched that reported in the literature.27, 30 
 
Glc-PAS polymerization procedure and deprotection  
Following previously reported procedures,27, 30 the glucose β-lactam monomer 
(1.00 g, 2.18 mmol), and Pfp initiator (93.87 mg, 0.22 mmol) were dissolved in 
anhydrous THF (30 mL) in an oven-dried flask.  A 0.5 M solution of lithium 
	   	  
	  
186	  
hexamethyldisilazide (1.1 mL, 0.54 mmol) dissolved in THF was added quickly to the 
reaction flask at 0°C.  The reaction was stirred for 30 minutes at 0°C and then 30 minutes 
at room temperature.  Upon completion by TLC the reaction was quenched with ~1 mL 
saturated ammonium chloride, diluted with diethyl ether (50 mL) and washed with 1 M 
HCl, saturated sodium bicarbonate, and brine which was repeated twice.  The organic 
layer was dried over sodium sulfate, filtered, and concentrated using a rotary evaporator 
for a white product. The crude polymer was dissolved in minimal DCM, which was 
added dropwise to cold n-pentane while stirring to precipitate the glucose benzyl-
protected PAS 10-mer (920 mg, 92% yield).  
The benzyl-protected PAS 10-mer (920 mg, 2.00 mmol) was dissolved in a dark 
blue solution of condensed liquid ammonia (100 mL) at -78°C and sodium metal, 
previously washed with hexanes under nitrogen. A 0.5 M solution of lithium 
hexamethyldisilazide (6.01 mL, 3.00 mmol) was added and the reaction was stirred for 1 
hour.  Fresh sodium metal was added periodically if needed to maintain the dark blue 
color during the reaction.  After 1 hour the reaction was quench with ~1 mL of saturated 
ammonium chloride added in a dropwise manner. The reaction mixture was warmed to 
room temperature to evaporate the ammonia, resulting in a white precipitate.  The 
polymer was purified by dialysis for two days with 1000 MW cut-off dialysis membrane 
and lyophilized to give the final product. Glc-PAS 10-mer 1H-NMR (400 MHz, 
Deuterium Oxide): δ 5.70 – 5.60 (m, 1H, H1), 4.03 (d, J = 27.2 Hz, 1H, H3), 3.61 (d, J = 
12.3 Hz, 2H, H5), 3.38 – 3.25 (m, 2H, H4), 2.93 (d, J = 12.8 Hz, 1H, H2), 2.63 (s, 0H), 
2.16 (s, 0H), 1.64 – 1.35 (m, 0H), 1.21 (s, 0H).  
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Sulfation reaction using SO3NMe3 
Glc-PAS 10-mer (0.05 g, 0.027 mmol) and sulfur trioxide trimethyl amine (0.5 g, 
3.59 mmol) were dissolved in anhydrous DMF (5 mL) and heated to 50°C under N2 (g). 
The reaction was stirred for 5 days and then quenched with ~1 mL of 1.0 M sodium 
hydroxide.  The crude material was purified by dialysis for 3 days with 1000 MW cut-off 
dialysis tubing with five water changes and lyophilized to give final product as a white 
powder with 90% yield. The final product was characterized by GPC, IR and NMR. 
 
Sulfation reaction using SO3NMe3 using the microwave reaction  
A glc-PAS 10-mer sample (0.010 g, 5.29 x 10-3 mmol) and sulfur trioxide (0.100 
g, 0.719 mmol) were dissolved in anhydrous DMF (1 mL) in a pressure vessel, which 
was capped and heated to 50°C in a microwave reactor using a standard heating curve for 
10 hours. The reaction was then quenched with ~1 mL sodium hydroxide. The crude 
material was purified by dialysis for 3 days with 1000 MW cut-off dialysis tubing with 
five water changes and lyophilized to give final product as a white powder with 90% 
yield. The final product was characterized by GPC, IR and NMR. 
 
Cytotoxicity studies   
NIH 3T3 fibroblast cells (ATCC; Manassas, VA) were cultured in DMEM 
supplemented with 10% bovine calf serum (BCS) and 1% L-glutamine-penicillin-
streptomycin (GPS). Cells were maintained at 37 °C in 5% CO2 with humidity and were 
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split at a 1:5 ratio when cell cultures reached 80% to 90% confluency using a standard 
trypsin-based detachment procedure. The in vitro cell viability assay was performed 
using a standard MTS proliferation assay protocol (CellTiter 96® Aqueous One; 
Promega; Madison, WI). Cells were seeded at 10,000 cells/well in 96-well plates and 
incubated overnight at 37°C. To assess cell viability, cells were washed with PBS before 
using an MTS reagent following standard procedure. Absorbance was recorded at 492 nm 
with a multi-plate reader and cell viability was calculated in relation to control cells 
incubating with media. 
 
Heparin-ATIII activity assay 
 The heparin-ATIII assay was performed following the standard protocol from the 
Coatest® Heparin -25553963 Kit (Chromogenix). In summary, in a sterile 96-well plate, 
heparin, glcPAS, and sulPAS samples were dissolved in saline at varying concentrations 
ranging from 1.0-0 mg/mL to a final volume of 80 μL. To each well, 80 uL of 0.5 M Tris 
buffer was added, which was followed by 20 μL of normal plasma, and finally, 20 μL of 
ATIII (10 IU).  70 μL of each sample was mixed and transferred into another sterile 96-
well plate using a multi-channel pipette which were incubated at 37°C for 4 minutes. To 
the wells, 60 uL of Factor Xa (71 nkat) was added and mixed which was incubated at 
37°C for 1 minute. 120 uL of the S-2222 substrate (1 mmol/L) was added and the plate 
was read periodically at 405 nm. Control wells contained all components in the second 
plate in addition to 70 μL of saline. The final absorbance for all samples was recorded 
once the control wells had an absorbance of around 1 Abs. All reagents were prepared 
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and reconstituted accordingly to the standard procedure. All samples were performed at 
N=3.  
 
Protamine inhibition assay 
 To perform the protamine inhibition assay, the above protocol was repeated in a 
similar manner (Heparin-ATIII activity assay). Here, in the first 96-well plate, once the 
heparin, glcPAS, and sulPAS samples were dissolved in saline at 100 μg/mL to a final 
volume of 80 μL, 80 μL of protamine prepared in 0.5 M Tris were added at varying 
concentrations ranging from 1.0-0 mg/mL. Samples were incubated for 1 minute before 
the addition of the normal plasma and ATIII as described above in the same manner. 70 
μL of each sample was mixed and transferred into another sterile 96-well plate using a 
multi-channel pipette which were incubated at 37°C for 4 minutes. The FXa and S-2222 
substrates were then added in a similar manner as previously described. All reagents were 
prepared and reconstituted accordingly to the standard procedure. All samples were 
performed at N=3. 
 
 
 
 
 
 
 
 
  
	   	  
	  
190	  
 
 
 
 	  	  
Table 6.1 GPC* characterization and elemental analysis (E.A.)** results of sulPAS and 
glcPAS samples 
 GPC (Aqueous) GPC (DMF) 
EA (%) 
Sulfur 
Content Sample DP 
Reaction 
conditions in 
DMF with 
SO3NMe3 
MW 
(theo) 
Mn 
(exp) (Ð) 
MW 
(theo) 
Mn 
(exp) (Ð) 
glcPAS 10 - 2463 2415 1.01 1824 1804 1.01 - 
sulPAS 10 excess 14054 12372 1.14 1986 1969 1.02 14.84 
glcPAS 20 - 4499 3278 1.2 - - - - 
sulPAS 20 
excess with 
0.5 M LiBr 
(solubility) 
21213 16814 1.2 2158 2112 1.02 13.27 
*GPC analyses were conducted aqueous buffer (0.1 M NaNO3, 0.01 M Na2HPO4, 0.02% 
NaN3, pH 7.5) or in DMF with 0.05 M LiBr against PEG standards. Glc-PAS 20-mer was 
not ran on the DMF GPC due to poor solubility  
**Elemental analysis was conducted to measure the content weight percentage  
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Figure 6.1 1H-NMR spectra of deprotected glc-PAS 10-mer in D2O (500 MHz). 
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Figure 6.2   IR characterization and comparison of of glcPAS (top; black) and sulPAS 
(bottom; blue) structures (DP = 10). 	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Figure 6.3 1H-NMR spectra of sulPAS 10-mer in D2O (500 MHz). Sample was 
sulfated using the SO3NMe3 reagent. 	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Figure 6.4.   Aqueous GPC characterization (pH 7) of sulPAS (blue) and glcPAS 
structures (black) (DP = 10). SulPAS sample displayed a prominent peak shift to earlier 
retention times due to a molecular weight (MW) increase and anionic charges presented 
throughout the sulPAS structure in contrast to the neutral glcPAS samples. 
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Figure 6.5    Cell viability assay to evaluate and compare the cytotoxicity of sulPAS, 
PAS, heparin, and dextran in NIH 3T3 fibroblast cells after a 24-hour incubation. 
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Figure 6.6  (A) Overview of the substrates and interactions in COATEST® Heparin 
activity assay (Chromogenix). (B) Anti-coagulation activity was compared between 
heparin and sulPAS samples, as well as to glcPAS and dextran as negative controls. (C) 
Anticoagulation activity assay was repeated with varying concentrations of protamine to 
conduct a competition binding assays of heparin, sulPAS, and PAS with AT. 
	   	  
	  
197	  
 	  	  	  	  	  	  	  	  	  	  	  
	  	  
Figure 6.7  Protamine solubility assay with increasing concentrations of protamine, a 
precipitate forms for sulPAS and Heparin, but not glcPAS. 
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Scheme 6.1    Synthesis of sulfated glucose-derived poly-amido-saccharides (sulPASs) 
using SO3NMe3 as the sulfation reagent. 
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CHAPTER 7.  Summary and Future Directions 	  
7.1 Summary 
The ubiquitous roles polysaccharides have in fundamental life processes, 
engineering, and clinical applications emphasizes the importance of understanding these 
biomacromolecules and their structure-function relationships. However due to their 
structural diversity and complexity, it is challenging for chemists to access these 
polymers by synthetic means. The AROP of β-lactam-monomers to synthesize poly-
amido-saccharides  (PASs) is a unique strategy that addresses these concerns since PASs 
offer chemists with synthetic control over its structure. As these synthetic advantages (i.e. 
control over molecular weight, functionality, and batch-to-batch consistency) motivated 
for further study, this thesis was focused on understanding the PAS structure and its 
influences on their resulting properties and functions.  
Glc- and gal-PAS structures possess a unique helical secondary structure which 
contributes to their structural rigidity and stability under a wide range of conditions 
including heat, pH, temperature, enzymatic, and ionic. Results from MD simulations in 
conjunction with experimental techniques, such as 2D NMR and circular dichroism, were 
in good agreement, which validated the reliability of these simulations and all-atom 
models to be representatives of glc- and gal-PAS systems. The results from computation 
and experiments provided us with insight into their contrasting water-solubility behaviors 
between glc- and gal-PAS structures. The optimized computational simulations and 
models, that were developed in collaboration with the Straub group, are valuable tools 
that can be used to explore other types of complex macromolecule and PAS structures 
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with high resolution at an atomic level. To expand upon these investigations using 
experimental means, 2D NOESY experiments were conducted to obtain quantitative 
structural information on glc-PAS samples by conjugating rigid small molecules with 
known proton distances to serve as internal standards.  
Finally, PAS structures were determined to be non-cytotoxic across a number of 
different mammalian cell lines and can be taken into cells through a non-receptor 
mediated endocytosis pathway. Introducing sulfate groups on glc-PAS 10-mer structures 
afforded these polymers with similar anticoagulant behaviors to heparin in a preliminary 
in vitro heparin-ATIII binding assay. Upon further investigation, the sulPAS 
anticoagulant behavior was reversible with protamine sulfate similarly to heparin. This 
result emphasized the potential application for sulPAS to be used as a heparin-mimic to 
address heparin-induced thrombocytopenia (HIT), a common life threating complication 
in major surgeries. 
 	  
7.2 Outlook and Future Directions 	  
  Results obtained from this work will be of great interest to those studying the 
diversity found within natural polysaccharide structures and their chemical functions, as 
well as those interested in synthesizing new carbohydrate-like polymers and materials. 
These studies will afford an innovative synthetic approach to introduce a new series of 
carbohydrate-based polymers with PASs.  
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The PAS library will include other sugar units (i.e. rhamnose and lactose) to 
expand our understanding on how these structural modifications alter their resulting 
properties and characteristics using computational and experimental techniques. As 
sulPAS structures demonstrated promising attributes to serve as heparin-mimics, the 
effects of modifying the degree and positioning of the sulfated groups on their resulting 
anticoagulant behaviors will be investigated. Ex vivo blood-clotting assays with human 
plasmin will be performed with sulPAS structure, which will be compared to heparin, 
non-sulfated PAS, and Fondaparinux- an anticoagulant medication used in the clinics.  
7.2.1 Extended investigations on quantitative NMR experiments 
A third small molecule internal standard, benzofuran-2-carboxylic acid (BF) will 
be evaluated similarly to the TYR and NAPH standards. As the BF X-ray crystal 
structure shows 6 distinct proton distances of various lengths, we suspect this can 
minimize any data interpretation errors associated with spin diffusion when measuring 
short and long proton distances up to 5.0 Å. For these studies, the BF small molecule will 
be conjugated to glc-PAS samples. NOESY NMR analyses will be conducted at mixing 
times ranging from 50, 100, 200, 400, and 600 ms. Spin diffusion curves will be 
generated to understand the point of relaxation decay. Proton distances within glcPAS 
will be calculated against the different proton distances within the aromatic region of the 
BF small molecule, which will be validated against values obtained from MD 
simulations.  
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7.2.1 Evaluation of sulPAS structures and bioactivity 
Due to the introduction of the sulfated groups onto the PAS, we will investigate 
its hydrolysis properties under varying conditions (temperatures and pH) to understand its 
stability compared to non-sulfated PAS structures. Degradation will also be explored as 
well in the presence of glycosides, proteases, and heparinases to determine whether 
sulPAS samples are resistant to enzymatic degradation. All studies will be conducted at 
37°C where changes in molecular weight will be monitored by GPC.  
Since heparin structures contain both sulfated groups in addition to carboxylated 
groups through its polymer chain, we are interested in evaluating the effects of these 
functionalized groups on the resulting anticoagulation activity. For these studies, glc-PAS 
10-mer samples will be modified based on the following: PAS, fully sulfated PAS, fully 
carboxylated PAS, half-sulfated PAS, half- carboxylated PAS, half-sulfated and half 
carboxylated PAS, lightly sulfated PAS with mostly carboxylated PAS, and lightly 
carboxylated PAS with mostly sulfated PAS. We was previously reported carboxylated 
PAS structures by performing a TEMPO-mediated oxidation with sodium hypochlorite as 
the reoxidant which resulted in a carboxylic acid modification at the primary alcohol at 
the C6 position (Stidham et al. 2014). All structures will be characterized via NMR, IR, 
elemental analysis, and GPC. To investigate their anticoagulation behavior, the same 
heparin-antithrombin III binding assay (COATEST® Heparin (low MW)) as mentioned in 
Chapter 6 will be used. Reversal of its anticoagulation activity for all samples will be 
investigated using protamine sulfate. 
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A partial thromboplastin time (PTT) assay will be conducted to evaluate the role 
of sulPAS as a function of concentration in the coagulation cascade, and to determine the 
blood coagulation time using citrate human and rat plasma. SulPAS samples (10-mer) 
will be compared to non-sulfated PAS analogs, heparin, and Fondaparinux. The assay 
will be conducted at 37°C using a coagulometer (N=3). Thrombin clotting time (TCT) 
assays will be conducted in parallel with these studies to measure the time of clot 
formation in blood plasma in the presence of the anticoagulant.  
To investigate the sulPAS binding to ATIII, ITC studies will be conducted to 
measure the binding affinity (Ka), enthalpy change (ΔH), binding stoichiometry (n), 
Gibbs free energy change (ΔG), and entropy change (ΔS). Experiments will be 
conducted with fully sulfated glcPAS, partially sulPAS, and non-sulfated analogs (N=3). 
ITC studies will also be conducted with sulPAS samples and fXa to determine whether 
there may be any interactions between these two substrates.  
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